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Abstract

Yabalu Zakari Abacha
Investigation of Nigerian Ethno-medicinal Plants as Potential Sources of
Cytotoxic and Anti-plasmodial Compounds
Biological Activity of Vitellaria Paradoxa, Cyperus Articulatus,
Securidaca Longepedunculata and Semi-Synthetic Halogenated

Analogues of Cryptolepine Isolated from Cryptolepis Sanguinolenta

Keywords: Medicinal plants, Cytotoxic natural compounds, Cancer, Malaria,
Plasmodium falciparum, Cryptolepine, Vitellaria paradoxa, Cyperus

articulatus, Securidaca longepedunculata, Cryptolepis sanguinolenta

Natural products are acknowledged sources of novel compounds for use in
the treatment of diseases such as cancer, malaria, and human African
trypanosomiasis. However, health burdens of such diseases still remain high,
with drug resistance leading to failure of current medication. Therefore, there
is a need for new treatments, and this project considers the potential of
Nigerian ethno-medicinal plants and their products. Firstly, the aims were to
isolate cytotoxic compounds through bio-guided evaluation and fractionation
from 3 medicinal plants; Vitellaria paradoxa, Cyperus articulatus and
Securidaca longepedunculata used traditionally in the treatment of cancer in
North-East Nigeria. Extracts from S. longepedunculata were the most active
when assessed in a panel of cancer cell lines, with ICso values below 10 pg/ml,
whilst fractions isolated from V. paradoxa and C. articulatus were moderately
cytotoxic and able to overcome drug resistance mechanisms in drug resistant
cell lines. In the second part of the thesis, novel cryptolepine analogues were
semi-synthesized using environmentally friendly methods and evaluated for
cytotoxic, anti-plasmodial and anti-trypanosomal activity. The compounds
were found to be highly cytotoxic in cancer cell lines with the ability to
overcome drug resistant mechanisms, with sub-puM ICso values, and were also
active against drug resistant strains of Plasmodium parasites in addition to

Trypanosoma brucei, with ICso values below 500 nM, and 300 pM respectively.



Acknowledgements

All praise and thanks to God Almighty

| wish to express my profound gratitude to my supervisors Steve and Colin for
their kindness, patience and understanding from the moment | met them. |
truly appreciate your guidance and advice throughout my study period. It has
been an honour to work under your guidance and encouragement. | would
especially like to say thank you for your concern and support for my personal
wellbeing.

| would like to say a big thank you to my academic advisor Prof Rob Falconer
and his team (Goretti, Francis and Marrwa) for valuable advice and support.
My appreciation also goes to my colleagues past (Dany, Sadr, Mario, Amal,
Ghasaq) and present (Rima, Sidra, Hussein, Anwar, Aya, Mashael, Katreen,
Abdullahi, Hannah and Floyd) who have made this journey easier and have
become more of a family than anything else.

My most sincere appreciation go to staff at the Institute of Cancer Therapeutics
and School of Pharmacy and Medical Sciences for their tremendous support.
| appreciate you all especially Gary, Tricia, Anjana, Amanda and Jade.

Lots of people have kindly offered their support during this PhD and | would
like to say thank you to Haseeb-Al Rahman, Dr Alex Surtees, Dr Val Steele,
and Dr Ben Stern.

I would also like to appreciate the collaborators that helped with some aspects
of this research. They are Dr Don Van Schalkwyk and Professor John M Kelly.
from the London School of Hygiene and Tropical Medicine. Others are Dr R.A.
Palmer and Dr J.N Lisgarten of Birkbeck College London

My appreciations go to my employers; University of Maiduguri and the
Teaching Hospital. | would also like to say thank you to Pharm. SY Zarma,
Prof. J Muazu, Pharm. ZA Tabhir, Prof. IM Hussaini, Prof. | lliya, Pharm A
Bababe and Engr. A Musa for career guidance, mentorship and help with
research.

A very special thanks to my sponsors Schlumberger Faculty for the Future
Foundation for their financial support.

Finally, to my family and friends here, there and everywhere in between- thank

you for your love and support.



Table of Contents

N 1] 1 =T o3 P i
ACKNOWIEAGEMENTS ... e i
Table Of CONTENTS ..o iii
I ESY A0 o T 1= viii
LISt Of TADIES oeeeieeeeeeee e Xi
ADDIEVIAtIONS ..o Xiii
Chapter 1 INtrodUCTION .....uuiiiiiiiiiiiiiiiiiiiiii e 1
1.2 Natural ProduCES ......oooiiiiii 1
1.1.1 Historical perspective of natural products as sources of drugs ................ 1
1.1.2 Plants as sources of natural productS.............couuiiiiiiiieeiiiiciiiciee e 2
1.1.3 Natural products as sources of bioactive compounds................ccccuvveenneee 4
i -1 Lo T TSP UPPPTPRP 8
1.2.1 Cancer incidence and MOrtality ................eueeemmmmmmimimmiiiiiiiii. 8
1.2.2 Risk factors associated with CanCer.............oovvvviiiiiii e 10
1.2.2.1 TODBCCO USE.. .ottt ettt e e e e e st e e e e e e s enene s 10
1.2.2.2 AICONOL INTBKE ... 10
1.2.2.3 Obesity, being overweight, physical inactivity and dietary factors................ 10
1.2.2.4 INTECLIONS ....eeieeeee ettt e e et e e e e e e s ennneee e 11
1.2.2.5 Reproductive or hormonal factors............cccceiriiiiiiiiie e 11
1.2.2.6 EXPOSUIe tO radiBtiON ........vviieiiiiiee ittt 11
1.2.2.7 Exposure to environmental pollution and occupational carcinogens............ 12
1.2.3 DIiagNOSIS OF CANCET ......uuuuiiiiiiiiiiiiiiiiiiiiieiiiieiibeeeee bbb bbeeeeeeeeeeeeeeene 12
1.2.4 TreatmMent Of CANCET ........uuuuueieiiiiiiiiiiiiieiiiieiaeeenaeaaeeeeeeeeeeeaeeeennessnennnnnnnnes 13
I U (o =] Y PSSP 13
O o T L= a0 T £ =T = o) 13
1.2.4.3 Targeted and precision medicine in the treatment of cancer........................ 14
1.2.4.4 ChemMONEIAPY .....cooiiiiiieiiiiie et 16

1.3 Anticancer agents from natural SOUICES .....ccceeeeiiiiiiiiiiiiiii e, 17
IS T8 A Vg To= T= 11 1= 1o (o LS 20

R T - = 1 =2 PSPPI 20
1.3.3 Other notable anticancer agents from plants ..............ccccvvvveiiiiiieininnnn. 21
1.4 Challenges of chemotherapy ........cccccoviiiiiiii 24
T L= - P 27
1.5.1 The Cause, cost and health implications of malaria....................cccceee 27
1.5.2 The life cycle of malaria parasite .................eevvuiuieiiiimiiiiiiiiiiiiiiei. 29
1.5.3 Diagnosis Of Malarial...........ooiieeoiiiiiiee e 31
1.5.4 Treatment of Malaria ..........cooiiieiiiii e 31
1.6 Anti-plasmodial agents from natural SOUICes.........ccccceeiiieeeiiiiiiiiiieeeeen. 33
1.6. 1 QUININME. ..ttt e e e e ettt e e e e e e e e e e tean e e eaeeennee 34
1.6.2 AMTEMISININ .ceeti e e e e e e et eeaaans 35
1.7 Drug resistance in Malarial .........ceeiiiiiiiii e 35
1.8 Medicinal plants from West AfriCa........ccccccviiiiiiiiii 37



1.8.1 ECOlOQY Of WESE AFFICA .....uvuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiie e 38

1.8.2 African traditional medicing (ATM)......cooeii i 41
1.8.3 Medicinal plants used traditionally for the treatment of cancer and malaria

I NTGBITBL. .. 42
1.8.4 Medicinal plant families Of INtEreSt..............uuuviiiiiiiiiiiiiiiiiiines 46
1.8.4.1 SAPOLACEAE JUSS. ..evvuviiiieiiiiiiiiis e e e ettt e e e e e ta e e et e e ea e e e e e e eesbaa s 46
1.8.4.2 CYPEIACEAE JUSS. .evvuriiiieiiiiiiitiii e e e et eettiae e e ettt e e e e e ea e e e e e e eerbaan e as 48
1.8.4.3 Polygalaceae HOffmanns. & LiNK .........ccooiiiiiiiiiiiiiie e 50
1.8.4.4 APOCYNACEAE JUSS. ...overeeerirererereuernennnseassnssssnssnssssssssssssssssssssssssssssnsnsssesssssnnnes 51

1.9 AIMS & ODJECLIVES ..ooiiiiiiiiiee 53
Chapter 2 Materials and Methods ............ooociiiiiiiiiie e, 55
2.1 Plant SEIECTION ...ttt e et e e e e e e e e eanne 55
2.1.1 Identification and collection of plant specimens...........cccccoevveevviiviiiinnnnn. 56
2.2 Chemicals, solvents and other materialS ........ccvveevieoeioeee e, 58
2.3 Extraction of plant materialS ............ooiiiiiii i 59
2.3.1 SOXNIEt @XIraCHON. ... 62
PG B Y - o =] - [0 o PP 63
2.3.3 Solvent-solvent eXtracCtion .............ccoiiieeriiieiiiiies e e e 64
2.3.4 Hydro distillation ............oiiii i 64
2.4 Fractionation and purification of COmMpounds ........ccccccvvvvviiiiiiiiiiiiiiieenen. 65
2.4.1. Chromatographic teChNIQUES........ccoooiiiieeieee e, 66
2.4.1.1 Low pressure column chromatography (LPCC)........ccccceeiiiiiiiiiinieeeeei 66
2.4.1.2 Thin layer chromatography (TLC) .....cuueeeiiiiiieiiiiiee e 67
2.4.1.3 Gel filtration chromatography .........coocueiiiiiiiieiiie e 68
2.4.1.4 PreparatiVe TLC ...ttt ettt et 69

2.5 Characterization and identification of compounds ...........ccccceeeeiieinninnn, 69
2.5.1 Determination of melting PoiNt..........coooeieiiii i 70
2.5.2 MASS SPECIIOSCOPY -..eeevunneeieiteaeeeiieeeeetiaaeaeetiaeaeettaaaeeetaaeeataaeeennns 70
2.5.3 Nuclear magnetic resonance spectroscopy (NMR)........cccovveeevvviiininnnnnn. 70
2.5.4 High Pressure Liquid Chromatography (HPLC) .....ccooveeiiieiieiieieeeeeeee, 70
2.5.5 Gas Chromatography-Mass Spectrometry (GC-MS) ......cccoeeeevvvvivvinnnnnn. 71
2.6 Drugs and sample preparation.............ceeveeeeieeeieieeeiieeiieiieeeeeeeeeeeeeeee e 71
2.7 Cell culture maintenance and characterization of cancer cell lines....... 71
2.7. L Clll NS e 71
2.7.2 Initiation of culture from frozen cell lines and maintenance of cells........ 72
2.7.3 Cryopreservation of Cell iNeS ........ccooveiiiiiii 73
2.7.4 Characterization and determination of seeding density of cell lines....... 73
2.8 Cell culture and maintenance of malaria parasites ........cccccccvvvvviiiennnnnn. 74
2.8.1 Malaria parasite StraiN .............oeuuuuuiiiiieeee e e e e e e e 74
2.8.2 Red blood cells (RBC) and serum preparation .............cccceeeeeeeeeeeeeeennnnnn. 74
2.8.3 Initiation of malaria culture from frozen parasites ............cccooeevvvieiiinnnnnn. 74
2.8.4 Parasite cell culture: media maintenance and sub-culturing .................. 75
2.8.5 Cryopreservation Of parasiteS.........ccoiv oo 75
2.8.6 Staining of parasites to determine parasitaemia...........ccccoeveeeeeeeeenennnnnn. 75
2.9 Biological evaluation .............eiiiiiiii e 76
2.9.1 In vitro cytotoxic activity - MTT @SSAY ....cceeevrrumiaiieeeeeeeiiiiiaa e e e ee e 76



2.9.2 In vitro anti-plasmodial activity- Parasite Lactate Dehydrogenase Assay

(LD H) e ———— 78
2.10 DAt@ @NAIYSIS .oeeiieiiiiiiiiiieiiiiei ettt 78
Chapter 3 Bio-guided fractionation and biological evaluation of
Vitellaria paradoxa C.F. GaertNer .......cccccooeeevviieeiiiiiiiee e 80
0 700 I 1 4 o Yo U Yo 1 o 1 o U 80
3.1.1 Vitellaria paradoxa C.F. Gaertner..........cccceeeeeiii e 80
3.1.2 Ethnopharmacological uses of Vitellaria paradoxa C. F. Gaertner......... 82
3.1.3 Phytochemistry and biological activity of V. paradoxa ........................... 83
3.1.4 AIMS and ODJECHIVES ......ccoeiieeeeeeeeee e 86
3.2 Materials and Methods ... 87
3.2.1 Extraction and fractionation of V. paradoxa...........ccccceeeeiiiiiiiiiiieeee, 87
3.2.1.1 SOXNIEt EXIrACTION. ..ottt e e e e e e 89
3.2.1.2 MACEIALION ....tiiiiiiee ettt ettt e e e e et e e e e e e b b e e e e e e e e anns 89
3.2.2 Thin layer chromatography (TLC).......coooiiiiiiiii e, 89
3.2.3 Low Pressure Column Chromatography (LPCC).......cooovvviiiiiiiiii. 90
3.2.4 Solvent-solvent Extraction of VPOM............ccoiviiiiiiiiiiiiiiiin e 90
3.2.5 Sephadex SEPAration ...........oceuuiiiiiii e e ee e e e e 91
3.2.6 Preparative thin layer chromatography (Prep TLC) ....cccoeeevieeeiviiiiiinnnnnn. 91
3.2.7 Cytotoxic activity of extracts and fractions of V. paradoxa...................... 91
3.2.8 GC-MS analysis of fractions obtained from V. paradoxa DCM extract... 92
3.3 ReSUItS and DiSCUSSION .uuuuiii i ieei et e e e e 93
3.3.1 Percentage yields Of eXtracts ... 93
3.3.2 Characterization and determination of seeding density of cell lines....... 95
3.3.3 Cytotoxic activity of V. paradoxa crude extracts ..........cccceevveeevvveeeeennnnnn. 97
3.3.4 Cytotoxic activity of fractions obtained from VPOM ...............cccevvvvnnnnn. 100
3.3.5 Cytotoxic activity of V. paradoxa extracts against ovarian cancer cell lines
.................................................................................................................... 101
3.3.6 Activity of V. paradoxa fraction combinations ............cccceevveeevrvieiiiennnnn. 102
3.3.7 GC-MS analysis of fractions from V. paradoxa...........cccceeeeeeeriiiinnnnnnnn. 108
3.3.7.1 GC-MS analysis of VPOM-DCM fraction .............ccccoeeeeeeeiiie e, 108
3.3.7.2 GC-MS analysis of the Non-fluorescent fraction of VPOM-DCM ............... 111
3.3.7.3 GC-MS- analysis of the Fluorescent fraction of VPOM-DCM..................... 115
3.4 Summary and CONCIUSION .....ccieiiiiiiicce e e 117

Chapter 4 Bio-guided fractionation and biological evaluation of

Cyperus artiCulatus L. ..........uuuueuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeaaees 120
I 1 o Yo W o f Y 120
4.1.1 Cyperus artiCulatus L...........oooiiiiiiiii e 120
4.1.2 Ethnopharmacological uses of C. articulatus L............cccoooeeeiiiiiiinnnnnnn. 121
4.1.3 Phytochemistry and biological activity of C. articulatus L..................... 122
4.1.4 AIMS and ODJECHIVES ..o e 125
4.2 Materials and Methods ........ccooiiiiiiiiiiiice e 126
4.2.1 Extraction of plant material.............ccccoooi i, 126
4.2.2 Fractionation Of €XIractS ..........coooiiiiiei e 126
4.2.2.1 Low pressure column chromatography .........cccccevrieeeiniieee e 127
4.2.2.2 Thin layer chromatography (TLC) .....cooiiiiiiiiiiiieee e 127
4.2.3 Hydro-distillation.............ooooriiii i, 127
4.2.4 Gas Chromatography-Mass Spectrometry (GC-MS) .............coeeeeeeen. 127

\Y



4.2.5 Cytotoxic activity of C. articulatus extracts.............cccccvvvvviieeniiniiinnnen, 128

4.3 RESUILS and DiSCUSSION .....iiviieiii et e e e eaas 129
4.3.1 Percentage yields Of eXtracts ... 129
4.3.2 Thin layer chromatography (TLC)......coooieiiiiiiieieeeeeeee e 130
4.3.3 Cytotoxic activity of C. articulatus L. ..........ccccoeiieeiiiiiiiiiiii e, 130

4.3.3.1 Cytotoxicity of crude extracts of C. articulatus against cell lines ................ 131
4.3.3.2 Cytotoxic activity of C. articulatus crude extracts and fractions ICso values
(MEAN £ S.D.) . ittt ettt et et e e st e e e e st b e e e e sbre e e e snreeeeaa 131
4.3.4 GC-MS analysis of volatile oil fraction and hexane extract of C.
AITICUIATUS L. .o 132
4.3.4.1 GC-MS analysis of volatile oil of C. articulatus .............cccccceeieeiiiiiiiinenn.n. 133
4.3.4.2 GC-MS analysis of the hexane extract of C. articulatus ..............ccccvveeeee... 136
4.3.5 Cytotoxic activity of C. articulatus against Ovarian cancer cell lines .... 142
4. 4 Summary and CONCIUSION .....oooiiiiiiiice e e aaeees 143

Chapter 5 Bio-guided fractionation and biological evaluation of

Securidaca longepedunculata Fresen. ........cccoooeeviiiieiiciiiiie e 145
T I [ ] 0 Yo [V Y] AT o) o T 145
5.1.1 Securidaca longepedunculata Fresen. ..........cccceeevieeiiiiiiiiiiiineeeeeeeeiees 145
5.1.2 Ethnopharmacological uses of Securidaca longepedunculata Fresen. 147
5.1.3 Phytochemistry and biological activity of S. longepedunculata............. 149
5.1.4 AIMS and ODJECHIVES ......uveiiiii e 152
5.2 Materials and MethOdsS .........couvvviiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeee e 153
5.2.1 Extraction of S. longepedunculata root bark..............ccccccvvieeiiiiniinnnn, 153
5.2.1.1 SOXNIEt @XraCtiON......cceeiiiiiee e s e e e e e e s e e e e e e e ane 153
L7 2 1Y = Tod T - o ) o S PRPPRRRR 153
5.2.2 Fractionation of S. longepedunculata root bark ..................ooeeeeiei. 154
5.2.3 Biological activity of S. longepedunculata................ccceevvviiieineeeneiiennn, 154
5.2.4 Investigation of presence of microbial contamination in aqueous extract
of S. lonNgepedunCulatal ..o 154
5.3 ReSUItS and DiSCUSSION ....ccevviiiiiiiiiiiiiiieieeieeeeeeee ettt ee e 155
5.3.1 Percentage Yield Of @XtractS .........uuuiiiiiiiiiiieiie e 155
5.3.2 Cytotoxic activity of S. longepedunculata Fresen ..............ccoeeeeeeeee. 155
5.3.3 Investigation of presence of microbial contamination in aqueous extract
Of S. 1oNGEPEAUNCUIALA ....vvveeiececiiece e 158
5.4 Summary and CONCIUSION ......iiiiiiiiiiiiicce e eanees 163

Chapter 6 Semi-synthesis and evaluation of cryptolepine analogues

as potential sources of anticancer and anti-plasmodial agents..... 165
6.1 INTFOTUCTION ..ottt eees 165
6.1.1 Cryptolepis sanguinolenta (Lindl.) Schlitr. ..., 165
6.1.2 Ethnopharmacological uses of Cryptolepis sanguinolenta Lindl. ......... 166
6.1.3 Phytochemistry and biological activity of C. sanguinolenta.................. 167
6. 1. 4 A 0gynteeticrapproach tmihe synthesis of cryptolepine
ANAIOGUES .. 172
6.1.5 AIMS and ODJECTIVES ... 173
6.2 Materials and Methods .......coouuiiiiiiii e 174
6.2.1 Extraction of Cryptolepine .....cccooee e 174
6.2.2 Semi- synthesis of halogenated analogues .............cccceviiiiiiiiienneenes 175

Vi



6.2.2.1 Semi-synthesis of iodinated cryptolepine analogues...........ccccocveeeiiineeenns 180

6.2.2.2 Semi-synthesis of brominated cryptolepine analogues .............ccccccovveeeenne 180
6.2.3 Characterization of halogenated cryptolepine analogues .................... 180
6.2.3.1 NMR analysis of halogenated cryptolepine analogues............cccccceveeeennns 180
6.2.3.2 HPLC analysis of halogenated cryptolepine analogues ............cccccceeeennnns 181
6.2.3.3 Determination of melting point of compounds ..........ccccccceeeiiiiiiiiieiee e 182
6.2.4 Cytotoxic activity of cryptolepine analogues ............ccceevvvviiiieeeeeceennn, 182
6.2.5 Anti-plasmodial activity of cryptolepine analogues...............ccceeeeeeennn. 183
6.2.6 DAta @NalyYSIS ......ccciieiiiiiiiii e 184
6.3 RESUILS and DiSCUSSION ...eeuiieiii e eeee et e e e e e e e e e e e e eeeenes 185
6.3.1 Percentage yield of semi-synthetic cryptolepine analogues................. 185
6.3.2 Characterization of halogenated analogues ............ccccceevviciiieeeeeceennn, 186
6.3.2.1 Characterization of 7,9-diiodoCryptoleping ..........cccoviiieiiiiiieeiiiiiie e 187
6.3.2.2 Characterization of 7-i0doCryptoleping .........ccoviieiiiiiiiiiiiieee e 195
6.3.2.3 Characterization of 7-dibromocryptoleping ..........cccovvvveiiiiiiiiiiiiiie e 197
6.3.2.4 Characterization of 7,9-dibromocryptolepine ..........cocccceevviiieiiiiiiee e 198
6.3.3 Cytotoxic activity of cryptolepine analogues ............cccoveevvviiiinieeenreennns 200
6.3.4 Anti-plasmodial activity of cryptolepine analogues.............cccceeeeeeveenn. 203
6.3.5 Activity of cryptolepine analogues against P. knowlesi and T. brucei... 204
6.3.5.1 Anti-plasmodial activity of analogues on Plasmodium knowlesi................. 205
6.3.5.2 Anti-trypanosomal activity of analogues on Trypanosoma brucei .............. 207

6.4 Summary and CONCIUSION ......ovviiiiiiiiiiiiiiiiiiiieeee e 209
Chapter 7 Conclusion and Future Work............ccccuveviiiiiiiiiiiiiiiiiinnns 211
7.1 ResearCh FiNAINGS ....ccouviiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeee e 211
7.2 FULUTE WOTK e e ettt e e e e e e et e e e e e e e eeannes 221
Chapter 8 REEIENCES ... ..uuuiiiiiiiiiiiiiiiiii e 226

vii



List of Figures

Figure 1.1 Examples of nature derived anticancer compounds. .................. 19
Figure 1.2 Global distribution of malaria showing incidence cases per 1000
population at risk by COUNIY. ......oovviiiiiiii e 28
Figure 1.3 Transmission of malaria parasites from vector to host and vice

LY L<T 7= TR PP 29
Figure 1.4 lllustration of the life cycle of P. falciparum showing the different
growth stages of the parasite (Enomoto et al. 2012)..........ccccoeveeeeeiviviiinnnnnnn. 30

Figure 1.5 Examples of structures of antimalarial agents discovered from
plants. Structures generated using ChemBioDraw ultra 12.0,
CambridgeSOft.COM. .. ...ttt 34
Figure 1.6 Ecology of West Africa. The map shows variable vegetation zones
from arid zones on the topmost part to a much denser high forest zone

towards the coastal areas at the bottom (Amanor 2003). ..........cccceeeeeeereenns 38
Figure 2.1 Supply chain of medicinal plants from natural sources to end-
BT TP TUPPPTRTRPTPI 55
Figure 2.2 Map of Nigeria showing the different regions. ...........cccccvvvvveeeen. 56
Figure 2.3 A rotary evaporator SE UP. ....cooeeeeeeeiveiiiiiiieieeeeeeeeetiiss e e e e e eeennnns 61
Figure 2.4 A freeze-drying set-up during solvent removal process. ............. 62
Figure 2.5 A Soxhlet extractor SEtUP. .....cooveeeeiiiiiiiiee e, 63
Figure 2.6 Clevenger-type apparatus SEtUP. .......ccevvviiiiiiiiiiieeiiiiiieieeeeeeeeeeeee 65
Figure 2.7 AN LPCC cOlUMN SEL UP.....uuuiiiiii i 66
Figure 2.8 Gel filtration chromatography using Sephadex. ..........ccccccceeee.. 68
Figure 2.9 Schematic diagram of 96 well-plate used in study. The legend on
the right shows the treatment for each shaded well group. .........cccovvvvveeeeee. 77
Figure.2.10 Principle behind the pLDH assay. ........ccccceeeeeiiviiiiiiiieieeeeeeeeeans 78

Figure 3.1 Geographical distribution of native V. paradoxa. Map shows that it
is widely distributed and native to west, central and east Africa. The

distribution of this medicinal plant is restricted to the African continent. ...... 81
Figure 3.2 Images of V. paradoXa..........ccceeeeviriiiiiiiiiiiieeeeeeeeees e, 81
Figure 3.3 General scheme of investigation of the stem bark of Vitellaria

[OF2 L= 10 [0} € VPR 87
Figure 3.4 Characteristics of the barks of V. paradoxa. ..............c..oooooeeenns 88
Figure 3.5 Schematic diagram of methodology used for the analysis of V.
paradoXa Crude EXIrAaCES. ..........ooevruiiiiieeeeee e e e e 89

Figure 3.6 Solvent-solvent partitioning of VPOM using a separating funnel. 90
Figure 3.7 Linear regression curves for day O for all the cell lines used in
study showing a linear correlation between absorbance and cell numbers
CST=T<T o [T o PSR 96
Figure 3.8 Growth curve profile of MCF-7, H460, HeLa and 3T3 cell lines (left
column) and MDA-MB 231, A2780, A2780 ADR and A2780/cis cell lines

(FIGNT COIUMINY. Lot aanees 97
Figure 3.9 Dose response curves showing effect of crude extracts on
FESPECHIVE CEII lINES....iiiiiiiiiiiiiiii e 98
Figure 3.10 Dose response curves of VPOM fractions from solvent-solvent
L= LA 11 T0] o1 o TR 101
Figure 3.11 Dose response curves of fractions from V. paradoxa and C.
articulatus against A2780, A2780/cis and A2780 ADR. ...........cccevvvvevrnnnnnn. 102

viii



Figure 3.12 Cytotoxic activity of VPOM-DCM fractions.............ccccoeeuvnneee. 105
Figure 3.13 Schematic diagram of 96-well plate set-up for fraction

(o0 01 o] 1 =1 T o AU 105
Figure 3.14 Cytotoxic activity of VPOM-DCM fractions and combinations
thereof were tested at different concentrations shown as a 3D plot where the

X and Z-axis are the fractions in varying concentrations............................ 106
Figure 3.15 GC-MS chromatogram of VDCM fraction showing several peaks.
................................................................................................................... 108
Figure 3.16 Spectrum of Ursa-9(11),12-dien-3-one (C30H460)................... 109

Figure 3.17 Spectrum of Lup-20(29)-en-3-one (C3oH4g0) of sample (a) and
database match (b). Mass spectrum of peak at 28.307min and the molecular
ion at m/z 424 are shown in the test fraction............ccccuvvvvviiiiiiiiiiiiiiii, 110
Figure 3.18 Chromatogram of fraction NF from V. paradoxa DCM fraction111
Figure 3.19 Spectrum of palmitic acid (methyl ester) (C17H3402). Retention
time 17.24 showing m/z 270 (a) and database match of compound from

NIST lBrary (B)....cooe oo e e e e e aaanes 112
Figure 3.20 Spectrum of stearic acid (methyl ester) (C19H3802)................. 112
Figure 3.21 Spectrum of Eicosene (C20H40). .....ccvvveeeriiiiiiiiiiiiieeeeee e 113
Figure 3.22 Spectrum of ursa-9(11),12-dien-3-one (C30H460) in NF fraction of
VPOM-VDCM....cutiiiiiiiiee ettt e e e s e e e e e e s st eeeeaens 114
Figure 3.23 GC-MS chromatogram of fluorescent fraction (FF) of VPOM-

D3 1Y P EERRRR 115

Figure 3.24 Spectrum of Ergosta-4,6,8(14),22-tetra en-3-one
(C28H400).Compound identified from peak eluted at 28.214 min. at m/z 392

(a) matchi ng datdbase d)t.a.n.d.a.r.d.0.S.......ccccerrnnn. 115
Figure 4.1 Images of C. articulatus plant during collection. Harvesting plant
(@), herbarium specimen (b) and dry rhizomes (C). ...........uuvveevvmierreiinnnnnnnns 120
Figure 4.2 Geographical distribution map of C. articulatus. ....................... 121
Figure 4.3 TLC profiles of extracts from CAB.........cccccccevviiiiiiiiiiiiiiiiiiieennn, 130
Figure 4.4 Cytotoxic activities of crude extracts of CAB and CAR against
MCF-7, H460, HeLa and 3T3 Cell iN€S. .....ccoviiieiieie e 131
Figure 4.5 GC-MS chromatogram of Volatile oil of C. articulatus L. black
Variety (CAB).. .o 133

Figure 4.6 GC-MS chromatogram of C. articulatus hexane crude extract.. 136
Figure 4.7 Dose response curves of crude extracts and fractions from V.
paradoxa and C. articulatus against A2780, A2780/cis and A2780 ADR

shown on graph for comparison of activity. ..., 142
Figure 5.1 Geographical distribution of S. longepedunculata.................... 146
Figure 5.2 Images of S. longepedunculata tree taken during collection..... 146
Figure 5.3 Images of S. longepedunculata flower and roots. ..................... 147
Figure 5.4 Cytotoxic activities of crude extracts on MCF 7, H460, Hela and
ST CRIITTINES. .. e 156
Figure 5.5 Investigation of microbial growth associated with S.
longepedunculata aqueous extract using 6-well plate.............ccccccoooeennnnnin. 159
Figure 5.6 Images of microorganisms from aqueous extract of S.
[ONQEPEAUNCUIALA........... i 159
Figure 6.1 Images of C. sanguinolenta. Herbarium specimen of C.
SANQUINOIENTAL ... .ceiiii e e e e e e et e e e eaa e eaaees 165
Figure 6.2 Global distribution of C. sanguinolenta (Lindl.) Schiltr. .............. 166



Figure 6.3 Structure of cryptolepine base with arrows showing the positions

where substitutions occurred for the analogues synthesized..................... 175
Figure 6.4 Schematic diagram of semi-synthesis of halogenated analogues
of cryptolepine using either NBS or NIS.........ccccoooiieiiiiiiiiiiiie e, 176
Figure 6.5 Scheme of halogenation of aromatic compounds using NIS (a)
and NBS (b) adapted from Castanet et al. 2002. ............cceeeviiieiieeieiiinnnnnn. 177
Figure 6.6 Effect of temperature on reaction...........ccccccevvvveveiiiiiiiiiiieeeeennen. 178
Figure 6.7 Cryptolepine analogue being recovered using a separating funnel
after completion Of rEACHION. .........uuuuiiiiiiiiiiiiiii e 179
Figure 6.8 TLC profile of the products synthesized...........ccccccceeeiiiieeinnnnn, 179

Figure 6.9 Different stages of malaria parasites observed during growth. . 184
Figure 6.10 UV-Absorbance profiles of cryptolepine (a), LC profile (b) and

MS PrOfilE (C)eeeeeieeiiiiiiiiiiiiiiieeeeee e 187
Figure 6.11 UV-Absorbance profile of 7,9-diiodocryptolepine (a), LC profile
(D) @Nd MS PrOfile (C). .vvvvrvrrreeriiriiiiiiiiiiiiiiiii bbb 188
Figure 6.12 *H-NMR spectrum of 7,9-diiodocryptolepine using deuterated
TFA as solvent. Solvent peak at around 11.7 ppm. ......cooovveiiiiiiiiiiieeeee, 189
Figure 6.13 *C-NMR spectrum of 7,9-diiodocryptolepine in deuterated TFA

= ESJEST0] V=T o | P 190
Figure 6.14 The 1H-1H COSY and NOESY correlations of 7,9-
iIOAOCTYPLOIEPINE. ... 191
Figure 6.15 *H-'H COSY correlation NMR spectrum of 7,9-diiodocryptolepine
showing correlation between Protons. ... 192
Figure 6.16 HSQC NMR of 7,9-diiodocryptolepine showing correlation
between carbons and their attached protons. ............cccccuvveeiiiiiiiiiiiiiiiiinnn. 193
Figure 6.17 2D COSY spectrum of 7,9-diiodocryptolepine showing the
carbons with attached Protons. ..............euuiiiiiiiiiiiiiis 193
Figure 6.18 *H-13C HMBC correlation NMR of 7,9-diiodocryptolepine. ...... 194
Figure 6.19 Crystal structure of 7,9-diiodocrytolpine HCI. ............cccovvveeeee. 194
Figure 6.20 UV-Absorbance profile of 7-iodocryptolepine (a), LC profile (b)
ANA MS PrOFIlE (C)...uvuueiiiiiiiiiiiiiiiiii e 195
Figure 6.21 *H-NMR spectrum of 7-iodocryptolepine HCI obtained using
deuterated chloroform as SOIVENL. ............uuiiiiiiiiiiiiiii s 196
Figure 6.22 UV- Absorbance profile of 7-bromoocryptolepine (a), LC profile
(D) @Nd MS PrOfile (C). .vvvvvvrrreuriiiiiiiiiiiiiiiiiiii bbb 197
Figure 6.23 *H NMR spectrum of 7-bromocryptolepine acquired using
deuterated TFA @S SOIVENL. ..........uuiiiie e 198
Figure 6.24 UV-Absorbance profile of 7,9-bromoocryptolepine(a), LC profile
(o) BT Lo B IS o o 11 L= () TR 199
Figure 6.25 *H NMR of 7,9-bromoocryptolepine acquired using deuterated
TFA @S SOIVENL. ... e e e 200



List of Tables

Table 1.1 Examples of drugs developed from natural sources ...................... 7
Table 1.2 Examples of anticancer drugs derived from plants, their sources,
clinical uses and mechanisms Of aCtION .............uuuuviiiiiiiiiiiiiie 18
Table 1.3 Compounds derived from natural sources with anticancer activity
that have undergone or are currently in clinical trials.............ccccccoeiiieeiinnnn, 23
Table 1.4 W.H.O (2015) recommended guideline for the treatment of
uncomplicated and severe malaria caused by P. falciparum infection........ 32

Table 1.5 Existing antimalarial agents with their mechanisms of action....... 36
Table 1.6 Examples of medicinal plants used in West Africa for the treatment

Of gENEIAl IIINESSES .....eiiie e 40
Table 1.7 A selection of medicinal plants used in the traditional treatment of
CANCET TN NIGEITB ...t 43
Table 1.8 A selection medicinal plants used traditionally in the treatment of
Malaria and general fevers in NIgerial ..........couvvvviiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeee 45
Table 1.9 Examples of medicinal plants from the Sapotaceae family and their
U ST CE ST PPTTPPT 48
Table 1.10 Examples of medicinal plants from the Cyperaceae family and
LTS LTSRN 49
Table 1.11 Examples of medicinal plants form the Polygalaceae family and
LT L ST PRRN 51
Table 1.12 Examples of medicinal plants from Apocynaceae family and their
USBS ittt e ettt ettt e e e e et e e e e et et e e e an e ea e e e naa s 52
Table 2.1 Medicinal plants used in the study ..............ccceeiiiiieiiiiiiee e, 57
Table2.2 List of solvents, chemicals and materials..............ccccevvvviicinneeenn. 58
Table 2.3 Nomenclature of plant materials used in the study based on the
solvents used for extraction of COMPOUNS..........cooovvieiiiiiiiiiiiee, 64
Table 3.1 Ethnomedicinal uses of Vitellaria paradoxa .............ccccccvveeeeennnn. 82

Table 3.2 Percentage yield of crude fractions of V. paradoxa stem bark..... 93
Table 3.3 Fractionation of V. paradoxa outer bark (VPOM) methanol extract

..................................................................................................................... 94
Table 3.4 Percentage yield of fractions of V. paradoxa methanol crude
extraction after solvent-solvent partitioning..............ccccuveueieieieiieiiiiiinns 94
Table 3.5 Further fractionation of VPOM- DCM fraction .............cccceeeeeeenn. 94
Table 3.6 I1Cso (ug/mL) values of the crude extracts of V. paradoxa on MCF-
7, H460, HeLa and 3T3 Cell NS ......cooeiiiiiiii e, 98
Table 3.7 1Cso (ug/mL) values of preliminary fractions obtained from VPOM
................................................................................................................... 100
Table 3.8 Cytotoxic activity of fractions from solvent-solvent partitioning .. 101
Table 4.1 Ethnopharmacological uses of C. articulatus L .............ccccc.cce 122
Table 4.2 Percentage yield of crude extracts of C. articulatus rhizomes.... 129
Table 4.3 Fractionation of C. articulatus hexane extract..............ccccoeoee... 130
Table 4.4 Cytotoxic activity of C. articulatus crude extracts....................... 131
Table 4.5 Cytotoxic activity of fractions of C. articulatus black variety hexane
(07N =1 ) I = 1o 132
Table 4.6 Compounds identified from GC-MS analysis of C. articulatus black
(CAB) VOIALIE Ol ...t 134

Xi



Table 4.7 Compounds identified from GC-MS analysis of C. articulatus black
hexane (CABH) Crude eXtracCt ............cceiieeeeiieiieiiiiiie e ee e e e e e eeanes 137
Table 4.8 Species variation of C. articulatus volatile oils within Nigeria..... 139
Table 4.9 Cytotoxic activity of CABH and fraction CABH-F6 on 3 ovarian

CANCEN CEIITINES ... e 143
Table 5.1 Ethnopharmacological uses of S. longepedunculata ................ 148
Table 5.2 Percentage yield of crude fractions of S. longepedunculata root
DK ... e aaaaaaaaa 155
Table 5.3 Cytotoxic activity of crude extracts of S. longepedunculata root
bark against Cell lINES........ccoii i e 156
Table 6.1 Ethnopharmacological uses of C. sanguinolenta........................ 167

Table 6.2 HPLC method A for the detection of cryptolepine analogues..... 181
Table 6.3 HPLC method B for the detection of cryptolepine analogues..... 182
Table 6.4 Equivalents of compounds used in the synthesis of iodinated

analogues of cryptolepine and the percentage yields obtained. ................ 185
Table 6.5 Equivalents of compounds used in the synthesis of brominated
analogues of cryptolepine and the percentage yields obtained. ................ 186

Table 6.6 The 1H-1H and 13C-1H correlations of 7,9-diiodocryptolepine.. 192
Table 6.7 Cytotoxic activity of cryptolepine analogues against H460 and

MDA-MB231 Cell INES....cciiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeee e 201
Table 6.8 Cytotoxic activity of cryptolepine analogues against 3 ovarian

CANCEYT CEIITINES ...ttt nnnnnne 202
Table 6.9 Anti-plasmodial activity of cryptolepine analogues..................... 203
Table 6.10 Anti-plasmodial activity of cryptolepine analogues on 3 species of
Plasmodium Parasite ...........coovviiiiiiiiiiiiiiiiieeeeee 206
Table 6.11 Anti-trypanosomal activity of analogues on T. brucei............... 208

Xii



Abbreviations

ABC The ATP-binding cassette

BCRP Breast cancer resistance protein

BSTFA N,O-Bis(trimethylsilyl)trifluoroacetamide
CAB Cyperus articulatus black

CABA Cyperus articulatus black agueous extract
CABH Cyperus articulatus black hexane extract
CABM Cyperus articulatus black methanol extract
CAR Cyperus articulatus red

CARA Cyperus articulatus red aqueous extract
CARH Cyperus articulatus red hexane extract
CARM Cyperus articulatus red methanol extract
DMSO Dimethyl sulfoxide

EGFR Endothelial growth factor receptor

EtoAc Ethyl acetate

FBS Foetal bovine serum

FDA Food and drug administration

Log Logarithmic

LPCC Low pressure column chromatography
MDR Multi-drug resistance

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
m/z Mass/charge

NBS N-bromosuccinimide

Xiii



NIS
NQO1
NQO2

pLDH
SD

SL
SLA
SLH
SLM
TLC
VDCM
VPO
VPOA
VPOH
VPOM
VPI
VPIA
VPIH

VPIM

N-iodosuccinimide
N-ribosyldihydronicotinamide: quinone reductase 1
N-ribosyldihydronicotinamide: quinone reductase 2

Parasite Lactate Dehydrogenase
Standard Deviation

Securidaca longepedunculata

Securidaca longepedunculata agueous extract
Securidaca longepedunculata hexane extract
Securidaca longepedunculata methanol extract
Thin layer chromatography

Vitellaria paradoxa DCM fraction

Vitellaria paradoxa outer bark

Vitellaria paradoxa outer bark agueous extract
Vitellaria paradoxa outer bark hexane extract
Vitellaria paradoxa outer bark methanol extract
Vitellaria paradoxa inner bark

Vitellaria paradoxa inner bark aqueous extract
Vitellaria paradoxa inner bark hexane extract

Vitellaria paradoxa inner bark methanol extract

Xiv



Chapter 1 Introduction

1.1 Natural products

1.1.1 Historical perspective of natural products as sources of drugs
Humans have used medicinal products from natural sources such as
microorganisms, plants, animals or minerals to treat a variety of diseases with
some of the early records of this practice dating back to about 2600 BC where
tablets found in Mesopotamia showed evidence of the use of plants as
medi cines. The Egyptian OEbers Papyrusbo
another document that shows the use of about 700 drugs mostly of plant origin
(Cragg and Newman 2005). For instance, in the Ebers Papyrus, reference was
made to the use of an arsenic paste for the treatment of cancer. The paste,
known as Egyptian oil was used until the 19" century before modern
techniques and medicines were introduced for the treatment of cancers (Hajdu
2011).

Traditional Chinese medicine (TCM), with records dating back from 1100 BC
has a history of over 3 millennia of use. TCM is such a well-established system
that now exists alongside orthodox medicine and is recognised as an
important provider of healthcare needs in China (Li and Sang 2017). An
example of a Chinese plant used in the treatment of cancer is Camptotheca
acuminata (Chinese happy tree). This plant was the source of the potent
anticancer drug camptothecin (Martino et al. 2017). Another plant is
Taraxacum mongolicum commonly known as dandelion. This plant contains
phytochemical agents such as caffeic acid, quercetin and ascorbic acid. These
are compounds with anti-oxidant and anti-inflammatory activities which may
explain the use of this plant in the treatment of cancer (Hu 2018).

The Roman and Greek contributions led to the rational use of herbal drugs by
developing a system of medical sciences to support the use of such products.
The works of Dioscorides (100 CE) and Galen (130-200 CE) are well known
to modern-day scientists and have helped to shape the study of medical
sciences (Staub et al. 2016).



The Arab contributions have also helped in excellently preserving the Greco-
Roman knowledge of herbal medicines especially during the 5" to the 12t
centuries (Cragg and Newman 2013; El-Seedi et al. 2019). Contributions
made by Ibn Sina and Al-Razi are still used in the modern teachings of
medicine. Various other Arabs contributed to the early literature used for the
teaching of medicine in different parts of the world (El-Seedi et al. 2019).

In most parts of Africa, whilst the use of indigenous traditional medicine was
extensive, the use was not preserved in writing as the mode of transmission
of knowledge was oral. Another reason why traditional medicine was not
recorded in Africa was that it was mostly shrouded in mystery. This practice
has led to the loss of valuable information regarding the use of some important
medical products of natural origin. The issue of trust has also for long hindered
the sharing of knowledge of medicinal plants (Willcox et al. 2015).

It is, therefore,a wel come devel opment that
Her bal Phar macopoei aobhedawhieh gveodetaild & the
herbal remedies used in Africa. It is hoped that this trend will continue and
serve not only as a database but also as a source of inspiration for research
into medicinal plants of African origin (Brendler 2010).

A few other beneficial sources of information can be found on the WHO
website where several monographs are listed. These reference materials
contain information on selected medicinal plants currently used worldwide
(WHO 1999; WHO 2002; WHO 2007b; WHO 2009).

1.1.2 Plants as sources of natural products

As shown above, throughout history plants have been used as sources of
medicinal products. This is because plants produce a diverse array of
chemical constituents known as primary and secondary metabolites that can
exert biological activities on both human and animal cells (Azmir et al. 2013).
Primary metabolites account for about 90% of the plant cell components and
these are required by plants for growth and maintenance of its integrity
(Kintzios 2004). Examples of primary metabolites produced by plants are
proteins, amino acids, carbohydrates and lipids.

The remaining 10% of metabolites which are the secondary metabolites are

mainly used for survival from biotic and abiotic stress (Liu et al. 2016a). These
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compounds are of interest in the development of anticancer and antimalarial
drugs as there may be a link in the way they act to protect plants from
pathogens with biological effects in man. These agents may also serve as
growth regulatory modulators to simulate or inhibit cell division thus the
interest in their activity.

The important functions performed by plant secondary metabolites suggest
that they can serve as potential agents since they can mimic the cytotoxic
activity they exert on pathogens on tumour cells as well as act as compounds
that inhibit cancer cell growth (Kintzios 2004). Secondary metabolites
produced by plants are also of interest in the development of drugs for the
treatment of malaria and in the fight against infections.

Examples of secondary metabolites are alkaloids, flavonoids, glycosides,
phenols and their derivatives, terpenoids, aldehydes, fatty acids, essential oils,
saponins, tannins and lignins (Olivoto et al. 2017).

Plants such as Catharanthus roseus which produce alkaloids have proven to
be great sources of anticancer agents such as vinblastine and vincristine that
are still used in combination with other ant-cancer agents.

Other plants that produce alkaloids and are believed to have anticancer
properties are Aconitum carmichaelii (Liang et al. 2016), Colchicum autumnale
(Lin et al. 2016) and Fagara tessmannii (Kuete et al. 2014).

Examples of plants that produce flavonoids that may have potential anticancer
properties include Annona reticulata (Jamkhande and Wattamwar 2015),
Allium wallichii (Bhandari et al. 2017), Cassia augustifolia (Ahmed et al. 2016)
and Gynostemma pentaphyllum (Li et al. 2016). Flavonoids present in
Hibiscus sabdariffa are believed to lower blood pressure (Ajay et al. 2007).
Artemisia annua is a plant that has made headlines in recent times as the
Nobel Prize for physiology or medicine 2015 was awarded to Tu Youyou for
her discoveries with regards to new therapies against malaria. This plant has
been used for centuries in China for the treatment of malaria (Wang et al.
2019). A joint award in the Noble prize in the same category and year went to
the discovery of lvermectin which was derived from avermectin; a naturally
occurring metabolite isolated from Streptomyces species. It is used as an
anthelminthic against onchocerciasis, filariases and many other devastating

diseases caused by parasites ( Cr ump and &mura 2011)



As shown from the examples above, plants have been found to be rich sources
of anticancer agents as well as for other important diseases such as malaria
and hypertension.

Terrestrial plants and microorganisms form the bulk of natural sources of
conventional chemotherapeutic agents but marine organisms such as alga
and sea sponges are other potential sources of bioactive agents (Mao et al.
2017). An example of an alga with potential bioactive compounds is
Arthrospira platensis which is a microalga promoted for its antioxidant
properties (Yuan et al. 2018).

Reports on the crude extracts of Callyspongia crassa and Callyspongia
siphonella, two species of sea sponges from the gulf region indicate that these
algae may be potential sources of bioactive compounds with antitumor and
antioxidant properties. The study found that the crude extract of C. siphonella
was active against colon and breast cancer cells in vitro with IC 5o values of
557 and 1.39¢ g/ mL r e s p@ crassavie tuyp was found to have
antioxidant activity comparable to ascorbic acid. This study may therefore lead
to the discovery of interesting bioactive compounds (Ibrahim et al. 2017).

The search for drugs from natural sources is an ongoing process which has
proved successful as the agents previously discovered are still as relevant
today as they were in the past. Also, modified versions of these drugs have
become useful in disease previously not prescribed for. Some other drugs
have also been re-developed with a view to overcome the problem of multi-
drug resistance which is a major drawback especially in the treatment of

cancer and malaria.

1.1.3 Natural products as sources of bioactive compounds

From the discovery of penicillin which eventually laid the foundation for a
modern pharmaceutical industry, to the discovery of morphine from the plant
Papaver somniferum and paclitaxel from Taxus brevifolia, natural products
have continued to be important sources of pharmaceutical compounds.
Derivatives and semi-synthesized natural products also account for a
significant number of drugs that have been approved by the USA food and
drug administration (FDA) and other international bodies for use in various

diseases.



It is widely known that herbs and extracts from plants are also an important
resource for complementary medicine. Plant extracts, through the multiple
active principles they contain are regularly used by people to prevent or treat
several diseases with some having scientifically acceptable results.

Although the number of drugs from natural products has seen a decline in
recent times, the number of approved compounds from this important source
was about a third of all FDA approvals according to a study from 1980s-to
2014 (Newman and Cragg 2016). During the period under review, the FDA
approved about 1564 drugs out of which 4% were unaltered natural products,
9.1% were from mixtures of botanical compounds and about a quarter from
derivatives of natural products. Even some purely synthetic drugs (4%) were
found to be associated to natural products as their design was based on the
latter. This shows that natural products still play important roles in drug
development (Newman and Cragg 2016).

Table 1.1 shows examples of compounds derived from natural sources used
in the treatment of some diseases and medical conditions. The list includes
compounds that act against malaria (artemisinin), act as anti-diabetic
(metformin) and cancer (paclitaxel).

Others are the recently approved compounds such as Fidaxomicin, Ingenol
mebutate and Omacetaxine mepesuccinate which are used in the treatment
of bacterial infections caused by Clostridium difficile, actinic keratosis and
cancer respectively. Morphine discovered from the juice of the poppy plant
Papaver somniferum as earlier mentioned, continues to be a major contributor
in medicine as a narcotic analgesic.

It is interesting to note that just as microorganisms are used to produce
vaccines, antibiotics and proteins, plants are also now being used as platforms
to produce essential medicines such as insulin. A genetically modified plant-
produced insulin may provide an alternative and cheaper source of insulin for
people living with type 2 diabetes (Paul and Ma 2011; Allen et al. 2019). This
shows an evolving role for discovery of drugs from natural sources leading to
an endless possibility for the use of natural products either as single forms or
platforms for production in the drug discovery sphere.

Another area where natural products continue to present different

opportunities in the treatment of some disease conditions is in the use of



functional foods to promote health and well-being. This is based on a theory
that foods possess modulatory effects on body systems as whole plants or in
isolated forms.

This new area of medical science suggests that eating certain foods can
stimulate or re-sensitize the body to produce certain chemicals in the body
such as insulin for instance. This approach may well prove to be an option for
pre-diabetic patients to prevent the progression of the disease (Kazeem and
Davies 2016).

Another area where functional foods may have an application is in the
prevention of cancer. This can be seen in the food eaten in some Asian
communities having some cancer preventive measures on the population
(Soldati et al. 2018).

As there is a link between food intake and cause of cancer, it is advocated that
a wholesome diet that is rich in fruits and vegetables may have beneficial
effects in preventing cancer. Fruits and vegetables are known to be high in
antioxidants and these agents help in ridding the body of reactive oxygen
species (ROS) which are implicated in cancer (Liou and Storz 2010).

Cancer and malaria are two diseases that have received attention worldwide
due to the devastating effects they cause. There is also a need for more
effective medicines as development of resistance to current drugs continue to
present a problem.

As historical data has shown that plants have been sources of beneficial
compounds for these 2 diseases, this research will focus on investigating
compounds from plant species that are traditionally used in the treatment of

cancer and malaria.



Table 1.1 Examples of drugs developed from natural sources

Compound/drug

Penicillin

Ivermectin

Fidaxomicin

Metformin

Morphine

Artemisinin

Paclitaxel

Ecteinascidin 743

(Trabectedin)

Source (category)

Penicillium notatum

(microorganism)

Streptomyces spp.

(microorganism)

Dactylosporangium
aurantiacum

(microorganism)

Galega officinalis

(plant)

Papaver

somniferum (plant)

Artemisia annua

(plant)

Taxus brevifolia

(plant)

Ecteinascidia
turbinata (Marine

organism)

Family

Trichocomaceae

Streptomycetaceae

Micromonosporaceae

Fabaceae

Papaveraceae

Asteraceae

Taxaceae

Perophoridae

Drug class &

references
Antibacterial
(Gaynes 2017)
Immunosuppressant
Anthelminthic

(Crump and

2011)
Antibacterial

(Zhanel et al. 2015)

Anti-diabetic

(Cragg and Newman
2013)

Analgesic

(Cragg and Newman
2013)

Antimalarial
(Christensen 2015)
Anticancer

(da Rocha et al. 2001)
Anticancer

(Erba et al. 2001)



Table 1.1 contdod Examples of drugs

Compound/drug Source (category) Family Drug class &
references
Ingenol mebutate Euphorbia peplus Euphorbiaceae Treatment of actinic
(plant) keratosis

(Alchin 2014)
Omacetaxine Cephalotaxus Taxaceae Anticancer

mepesuccinate hainanensis
(Chen and Li 2014)

1.2 Cancer

As this study involves evaluating medicinal plants used in the treatment of
cancer, the disease is discussed in this Section. Cancer may be defined as a
complex disease that is characterized by uncontrolled growth of cells. This
uncontrolled growth may also lead to metastasis which is the spread of cancer
cells from their site of origin to another site through migration in two significant
processes called extravasation and intravasation (Floor et al. 2012).

Cancer is commonly classified into five groups: carcinomas, sarcomas,
leukaemia, lymphomas or gliomas (CRUK 2016a). This system of
classification is based on the body tissues where the cancers initially
originated from. Carcinomas are the most common cancers and they originate
from epithelial tissues. Tumours of the connective tissue are those classified
as sarcomas while gliomas are cancers that affect non-neural brain cells.
Lymphomas typically originate in the lymphatic system and leukaemia is the
type of cancer that affects the blood and blood forming organs such as the
bone marrow (CRUK 2016a).

1.2.1 Cancer incidence and mortality

There were an estimated 18.1 million cases of cancer reported in 2018 with a
mortality rate of about 9.6 million deaths. The number of new cases has risen
from those reported in 2012 with an increase of about 22%. In the same period,

the number of deaths increased by 14% (Bray et al. 2018).

devel



Major cancers reported in 2018 were lung, female breast and colorectal cancer
in order of occurrence and among the top reported causes of deaths. Prostate
and stomach cancers were the fourth and fifth most occurring cancers
worldwide (IACR 2018).

Although the reasons can be complex, aging and population growth along with
associated risk factors; the statistics presented indicate a rapid increase in
incidence and mortality rates worldwide (Bray et al. 2018). It must be noted,
however, that an increase in the incidence rate does not necessarily mean a
failed preventive measure for a particular cancer type, it may mean an
increase in the number of cases due to early detection especially in subclinical
cancer cases like prostate and thyroid cancers (Bray et al. 2018).

The world region with highest number of cancer cases reported is Eastern Asia
while Western Asia was the least in the number of reported cases of cancer.
About a million cases were reported in Africa in the same year (2018) making
it the region with the least number of cases, after Oceania with about a quarter
of a million cases reported in the same period (Parkin et al. 2014; IACR 2018).
While the high incidence reported in Eastern Asia may be attributed to
population size, the reason for the high incidence in the Africa region may be
due to various factors such as access to medical facilities and limited
resources in disease surveillance which often lead to under-reporting of
several diseases in these countries including cancer (Bray et al. 2018).
Breast, prostate and lung cancer continue to be the most prevalent cancer
types reported in the UK with lung cancer causing the highest number of
deaths followed by breast cancer (Bray et al. 2018). There were about 370,000
cases of cancer reported from 2014-2016 with about 165,000 deaths reported
for the same period. The mortality rates in the UK have so far remained
constant over the years although the incidence rate has fallen (CRUK 2016c;
IACR 2018).

In Nigeria, in contrast, with a population of about 200 million, there are an
estimated 100, 000 new cases annually with about a 3" of those leading to
death. The most common cancer diagnosed in Nigerian women is breast
cancer with cervical cancer being the second most common ( Bray et al. 2018;
IACR 2018). In Nigerian males, the most common cancer was found to be

prostate with liver cancer as the second most common (Jedy-Agba et al.



2012). However, with only a few cancer registries found in Nigeria and data
collection not consistent, it is difficult to compare the incidence rates of Nigeria

to any other country (Jedy-Agba et al. 2015).

1.2.2 Risk factors associated with cancer

Studies have shown that there are several risk factors associated with cancer.
Most of these factors are avoidable with the single major risk factor being
tobacco use.

Some cancers such as lung, breast and cervical cancers have specific risk
factors. The understanding of risk factors is important especially in the
prevention of cancers as avoiding these factors when possible may lead to a
decrease in cancer occurring. The most common risk factors are discussed

below.

1.2.2.1 Tobacco use

This includes smoking, second-hand exposure and the smoke-less use of
tobacco. Tobacco use is one of the most important risk factors which cause
lung cancer and it is the most common type of cancer in men and the second
in women (World Cancer Report 2014 2014; Bray et al. 2018). Apart from lung
cancer, oesophageal, larynx and mouth cancers are also associated with

tobacco use as a predisposing risk factor.

1.2.2.2 Alcohol intake

The amount and duration over time of alcohol intake may have a devastating
effect on the body and lead to cancer eventually as seen in liver cancer. Other
types of cancers associated with intake of alcohol are mouth and throat,
oesophageal, stomach, bowel and breast cancers (CRUK 2019). A higher risk
of developing cancer is reported for heavy drinkers that also smoke (Dong and
Thrift 2017).

1.2.2.3 Obesity, being overweight, physical inactivity and dietary factors
Recent findings show that having a high body mass index (BMI) can contribute
to development of cancer. Therefore, having a healthy body weight may have

a beneficial effect in the prevention of cancer. Other factors that are inter-
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connected with obesity and body weight are physical activity, and dietary
factors. Although gender plays a role too, the contributory effects of the factors

mentioned above must not be underestimated (WHO 2007a).

1.2.2.4 Infections

Infectious diseases such as Human papilloma virus (HPV), Human
immunodeficiency virus (HIV) and Epstein-Barr virus (EBV) have all been
linked to cancer. Others are Hepatitis B and C and according to the WHO,
these risk factors have been implicated in about 15% of all cancer in 2012
(WHO 2019).

1.2.2.5 Reproductive or hormonal factors

Hormones such as oestrogen and progesterone have also been found to
increase the risk of getting some cancers. A link was established between
women who took diethylstilbestrol (a form of oestrogen) and an increase in the
risk of developing breast cancer (NCI 2016) .

Other well-established risk factors for breast cancer are poor diet leading to
obesity, lack of physical activity, late conception of 15t pregnancy and hormone
replacement therapy. Some studies have also linked specific risk factors to the
development of molecular subtypes of breast cancer which is also linked with
the survival rate of patients.

There are studies that also suggest an association between reproductive and
hormonal factors and the risk for developing upper gastrointestinal cancers in
men (Mc Menamin et al. 2018). There are also studies that show a possible
link between sex hormones and risk of the developing prostate cancer in men
(Gann et al. 1996).

All these facts point to the importance in understanding risk factors associated
with cancers and it is believed that this may aid in the prevention of new cases

occurring (Makama et al. 2017).

1.2.2.6 Exposure to radiation
Radiations which may be in the form of ionizing, ultraviolet (UV) or
electromagnetic have also been implicated as possible carcinogens. UV

radiation in particular, is a risk factor associated in many types of skin cancers
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hence the strong advocacy to avoid direct exposure to sunlight and to use
sunscreen in addition to protective clothing to minimise the effects of exposure
to radiation (WHO 2007a).

1.2.2.7 Exposure to environmental pollution and occupational
carcinogens

Water, air and soil polluted with carcinogens are another group of factors that
increase the risk of developing cancers. These could be in the form of
environmental pollutants such as benzene and coal tar, pharmaceutical drugs
or naturally occurring chemical compounds like aflatoxin and cadmium (WHO
2019). The exposure could either be domestic or occupation related. It could

also be geographical region specific (K. Straif 2013).

1.2.3 Diagnosis of cancer

The importance of an early diagnosis cannot be over-emphasized in a disease
such as cancer. The earlier a cancer is diagnosed, the better the treatment
outcomes and below is a brief description of some diagnostic techniques and
treatment modalities.

There are several diagnostic techniques to detect cancer, both invasive e.g.
biopsies, and non-invasive, e.g. MRI or X-rays. For instance, a mammogram
is performed in the case of breast cancer. A mammogram is an X-ray of the
breast tissue that can indicate changes that could suggest cancer.
Non-invasive techniques such as proteomic analysis of nipple aspirate fluids
and salivary proteomic signatures offer newer and efficient methods for the
diagnosis of cancer (Shaheed et al.; Tajmul et al. 2018). These are based on
identifying protein biomarkers specific to each cancer type.

A colposcopy and Papanicolaou (pap) tests are offered to women for the
detection of cervical cancer. The former is a microscopic examination of the
cervix while the | atter is a histologica
cervix and leads to early diagnosis for this highly treatable cancer.

For the diagnosis of prostate cancer, a trans-perineal or trans-rectal biopsy
may be offered in addition to a prostate surface antigen (PSA) test which

checks for elevated levels of Prostate-specific antigens.
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1.2.4 Treatment of cancer

The most important steps after a proper diagnosis of cancer is an effective
treatment option. This may be in the form of surgery, radiation therapy or
chemotherapy. It may also be a combination of these options or a more
personalised or specific forms of treatment such as targeted or precision
medicine approach.

Whichever treatment strategy is chosen, the main goal is to cure and ultimately
offer palliative care when that fails. Therefore, the importance of palliative and
other supportive measures cannot be overemphasized. Alternative and
complementary therapies aimed at reducing pain and alleviating other pain
related symptoms of cancer is also part of a holistic approach to the treatment

of cancer.

1.2.4.1 Surgery

Surgery remains the primary option in the treatment of most solid tumours.
This is performed to reduce tumour mass and improve the treatment outcomes
in the case of combination therapy. Surgery is basically the excision of the
tumour by means of aseptic techniques

Total removal of malignant tissue is possible in most localised and easy to
reach tumours but there is the risk of residual metastatic cells. When
successful, it leads to the cure of the disease or reduction in the symptoms
associated with it. Different cancers require different surgical techniques and
or type of tissue removal.

For instance, in ductal carcinoma in situ; a type of breast cancer presentation,
the goal is to remove malignant tissue to reduce reoccurrence of the disease
at the local site (Sibbering and Courtney 2019). Therefore, a mastectomy is
the preferred mode of treatment in some breast cancer types while the surgical
treatment prostatectomy is recommended for some prostate cancer patients
(Schraudenbach and Bermejo 2007).

1.2.4.2 Radiation therapy

This is the use of ionising radiation to kill cancer cells. X-rays, gamma rays or

charged particles are employed in the use of radiation therapy. These
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radioactive materials deliver a targeted stream of rays that readily kill cancer

cells (CRUK 2016b).

This is a preferred method of treatment because it targets rapidly growing cells

which cancer cells are known to be. Radiotherapy typically aids in preventing
reoccurrence of cancer and is one of the best treatment options for patients

that cannot be operated on (Dengina et al. 2017).

One of the downsides of this option is that it also affects surrounding healthy

tissues. However, improvements in the technique as seen in using an

0i nt enogliutl vt ed o radi otherapy (1 MRT) appr
therapy has further improved the technique of using radiotherapy as an

important treatment strategy (Dearnaley et al. 2019).

1.2.4.3 Targeted and precision medicine in the treatment of cancer

In addition to conventional chemotherapy, which is discussed below, other
therapeutic measures that are quite new and coming into focus in recent times
is the use of target approach and more specifically the use of individualised
medicine as each patient is unique and, in some cases, the cancers are
different in the way they occur in a patient (NCI 2019)

This may be performed by using immunotherapy and hormone therapy
(discussed below) or the use of gene expression modulators that are involved
in controlling the expression of genes responsible for tumour growth. It may
also be by using apoptosis inducers that act by sending signals to cause death
in cancer cells. Another way is using inhibitors of signal transduction involved
in relaying information for cell growth and angiogenesis inhibitors to block the
growth of new blood vessels in order to block supply of nutrients and oxygen

to tumours.

Immunotherapy: in this form of treatment,the body ds | mmune r esp
used to fight the disease (Farkona et al. 2016). This type of therapy may

involve theuse of T.cel | s made by patientds body ol
made in a lab in order to fight the disease (Pardoll 2012). Vaccines and other

non-specific immunotherapeutic measures like the use of interferons and

interleukins are also other possible ways of cancer immunotherapy (Bastholt

et al. 2019; Shibata et al. 2019).
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One of such therapies is exploring the use of a programmed cell death protein
(PD-1) inhibitor known as Nivolumab in the treatment of advanced, refractory,
squamous non-small-cell lung cancer (NSCLC). This inhibitor is an antibody
that acts by blocking PD-1 interactions with Programmed cell death protein
ligand (PD-L) 1 or PD-L2 ligands on the tumour surface. This blockade
prevents the tumour from inhibiting programmed cell death and thereby
making the tumour susceptible to the host immune system. This therapy is of
use in cancer types that express the ligands such as triple negative breast
cancer and NSCLC as mentioned above (Rizvi et al. 2015).

As with many treatment options, resistance to immunotherapeutic therapy
presents a challenge and a possible link between the immunomodulating
effect of natural compounds such as curcumin and resveratrol and multidrug
resistant cancer is now being investigated with promising outcome (Bahrami
et al. 2019). The high cost of immunotherapy is also another issue to consider
(Tartari et al. 2016).

Hormone therapy: this is the regulation of hormone production in the case of
hormone-dependant cancers. This mode of treatment is especially important
in women that present with hormone-receptor positive disease and in men with
prostate cancer. The therapy offers a reduction in the effect of hormones that
promote these two types of cancers by blocking the production of the
responsible hormones or their receptors (Abraham and Staffurth 2016).

The most commonly used hormone therapy drugs especially for breast cancer
are aromatase inhibitors such as anastrozole, goserelin (GnRH) and
fulvestrant. Those used in prostate cancer therapy include leuprolide (GnRH),
triptorelin, histrelin and degarelix.

Goserelin is one such hormone that is used in the treatment of breast cancer
in women who also present with premature ovarian insufficiency as it has also
been found to offer some protection from osteoporosis. This added advantage
helps to protect the bones while offering a treatment option for the primary
cancer (Wilson et al. 2016).
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1.2.4.4 Chemotherapy

Among the most common treatment options available is chemotherapy, where
the use of a cytotoxic agent is employed to kill the cancer cells. Sometimes,
cytostatic agents may also be used in this form of treatment. Chemotherapy is
used mostly as a second line therapy or as an adjunct to surgery or radiation
therapy as described above.

Examples of chemotherapeutic agents are tubulin inhibitors such as vinca
alkaloids vincristine and vinblastine; taxanes such as paclitaxel and docetaxel.
These agents are derived from natural sources (Khazir et al. 2014). Other
examples are antimetabolites such as methotrexate which is a folate
antagonist and 5-fluorouracil which is a pyrimidine antagonist. Doxorubicin
and topotecan; topoisomerase Il and | inhibitors respectively are also
examples of chemotherapeutic agents currently used in the treatment of
cancers (Espinosa et al. 2003).

A more specific type of chemotherapeutic agent is gefitinib which is a tyrosine
kinase inhibitor that binds to epidermal growth factor receptor (EGFR) i
tyrosine kinase domain in a selective manner. One of the first drugs approved
for use as a tyrosine kinase inhibitor is imatinib sold under the trade name
Gleevec® which is currently used in the treatment of chronic myeloid
leukaemia and gastrointestinal stromal tumours (Savage and Antman 2002)
Another example is erlotinib (Engelman and Janne 2008) and one of the roles
of these agents is in inhibiting cell proliferation especially in malignant cancers.
For chemotherapy to be successful, more than one drug is often used in a
treatment regimen. This strategy is important as it would allow the use of drugs
with different mechanisms of action which can be used at their optimal doses.
This ultimately reduces the undesirable side effects associated with most
chemotherapeutic agents. For instance, one of the treatment regimens for
breast cancer advocates the use of a taxane such as paclitaxel and an
anthracycline such as doxorubicin for adjuvant chemotherapy for invasive
breast cancer. Giving smaller doses of doxorubicin reduces side effects such

as nausea and vomiting (NICE 2018).
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1.3 Anticancer agents from natural sources

Nature has in the past presented an important source of chemotherapeutic
agents that are still used in the treatment of cancer and this source may still
be of huge potential in the search for new and more efficient compounds for
various diseases. This would be of interest in cancer which is plagued by
development of resistance to current drugs.

The US National Cancer Institute (NCI) was established in 1937 with the aim
of promoting research in cancer which led to testing of compounds identified
as prospective anti-cancer agents by the agency. This led to the discovery of
the vinca alkaloids, vinblastine and vincristine from the Madagascan tree
Catharanthus roseus.

Other anticancer drugs discovered during the same period were
podophyllotoxins and taxanes. Another important chemotherapeutic agent
that was discovered from plants was camptothecin. These drugs and other
notable anti-cancer drugs are briefly discussed below in Sections 1.3.1-1.3.3
(Oberlies and Kroll 2004).

Although plants were the major source of medicines in the past,
microorganisms especially the Streptomyces species and some marine
organisms have also proved to be important sources of medicinal compounds.
Examples of these compounds are the anticancer antibiotics such as
bleomycin, daunomycin and mitomycin C. Others are the enediynes especially
dynemicin and staurosporines that are nonspecific protein kinase inhibitors
isolated from various species of Streptomyces (Cragg and Newman 2013;
Yadav et al. 2015).

These drugs are currently used in the treatment of several cancers such as
squamous carcinoma, acute leukaemia and rhabdomyosarcoma. Doxorubicin
and its isomer epirubicin are also anticancer agents produced by the
Streptomyces spp (Qi and Huang 2002).

Special mention is made below of some of the important anticancer agents

isolated or derived from plants.
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Table 1.2 Examples of anticancer drugs derived from plants, their

sources, clinical uses and mechanisms of action

Drug

Camptothecin &
semi synthetic

analogues

Etoposide

Paclitaxel

Vinblastine

Source (Family)

Camptotheca
acuminata

(Nyssaceae)

Podophyllum
hexandrum

(Berberidaceae)

Taxus brevifolia

(Taxaceae)

Catharanthus
roseus

(Apocynaceae)

Clinical use

Colon, rectal, breast,
lung and pancreatic
cancers

Testicular cancer, Small

cell lung cancers

Ovarian cancer, node-
positive breast cancer,
non-small cell lung

cancer, Kapo

sarcoma

Leukaemia, lymphomas,
breast cancer, lung
Hodg

disease, metastatic

cancer,

testicular tumours

Mechanism of action &

References

Topoisomerase |
inhibitor (Wang et al.
2015; Martino et al.
2017).

Non-intercalating,
topoisomerase I
inhibitor (Rezonja et al.
2013; Montecucco et al.
2015).

Microtubule stabilizer
(Avendafio and
Menéndez 2008; Kumar
et al. 2015; Natarajan et
al. 2018).

Inhibition of microtubule
polymerization
(Avendafio and
Menéndez 2008;
Pandya et al. 2014;
Mekky et al. 2018).
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Vinblastine

Paclitaxel

Etoposide

Camptothecin

Figure 1.1 Examples of nature derived anticancer compounds.

Structures of vinblastine, etoposide, paclitaxel and camptothecin are shown above. Structures

were generated using ChemBioDraw ultra 12.0, Cambridgesoft.com.
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1.3.1 Vinca alkaloids

The vinca alkaloids were isolated from the plant Catharanthus roseus or
Madagascan periwinkle which is a medicinal plant used traditionally for the
treatment of diabetes. While studying the antidiabetic effect of these alkaloids,
it was observed that they also suppressed white blood cell (WBC) production
which led to the hypothesis that they could be used as anticancer agents
against lymphomas and blood cancers (Prasad et al. 2016).

Vincristine (Figure 1.1) and vinblastine (were the first alkaloids isolated from
C. roseus; vindesine and vinorelbine were later developed. The latter
compounds are semi-synthetic analogues of vinca alkaloids and currently
used in clinical practice along with the former 2.

Vinca alkaloids act by inhibiting cell growth during the metaphase of the cell-
cycle through inhibiting the formation of mitotic spindle which is essential for
cell division. Vinca alkaloids specifically bind to tubulin thereby inhibiting its
polymerization into microtubules which essentially prevents spindle formation
(Bardal et al. 2011).

These drugs are still used in combination therapy for the treatment of a variety
of cancers including lymphomas, leukaemia and solid tumours such as lung
and breast cancers as shown in Table 1.2 (Liu et al. 2016b). These old
anticancer agents have been undergoing modifications to their structures to
develop new drugs which will be more effective at targeting cancer cells only.
This has been shown to be a successful strategy in the synthesis of new
derivatives of vinca alkaloids. For instance, modification in the aromatic side
chain led to derivatives with cytotoxic activity similar to vinblastine (Ngo et al.
2015).

1.3.2 Taxanes

Paclitaxel and docetaxel are the most commonly used taxanes in
chemotherapy. Paclitaxel (Figure 1.1) was first isolated from Taxus brevifolia
also known as the pacific yew tree and it is a microtubule stabilizer which acts
by binding to beta-tubulin and preventing disassembly of microtubule. This
action ultimately leads to cell death in the anaphase stage of the cell cycle

(Bardal et al. 2011). Although it is still used extensively in the treatment of
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breast and ovarian cancers, its major drawbacks are poor solubility and toxicity
(Zhao et al. 2016).

These draw backs are now being addressed by promising research where for
instance, nanoparticle encapsulated paclitaxel molecules has been developed
which when formulated as nano-emulsions was not only be able to deliver the
drugs to the site of action but the problem of solubility would also be solved
(Jung et al. 2012; Gupta et al. 2017).

Docetaxel on the other hand is a semi synthetic analogue of paclitaxel with
similar activity and indication for use as its precursor but it has better
bioavailability (Hao et al. 2017). Docetaxel is currently used in the treatment
of metastatic breast cancer, advanced or metastatic non-small cell lung cancer
and as a combination regimen in the treatment of locally advanced squamous

cell carcinoma of the head and neck (Gao et al. 2019).

1.3.3 Other notable anticancer agents from plants

Camptothecin, a topoisomerase | inhibitor, (Figure 1.1) is yet another
anticancer agent derived from natural sources. It was first isolated from the
Chinese plant Camptotheca acuminata in 1957 and has proved to be a potent
anticancer agent. Despite camptothecin being a good anticancer agent, its low
bioavailability and high side effects has led to the development of semi-
synthetic analogues topotecan and irinotecan which have better tolerability
and absorption profiles (Kohn and Pommier 2000).

Newer analogues of camptothecin under various clinical trials are rubitecan,
belotecan, exatecan and lurtotecan; all developed with the aim of improving
bioavailability and reduction of toxic side effects (Botella and Rivero-Buceta
2017; Martino et al. 2017).These agents act by inhibiting topoisomerase | from
resealing breaks in single stranded DNA during replication and transcription
thus leading to cell death (Bardal et al. 2011).

There are two types of topoisomerase enzymes; type | & 1l and both act by
cleaving either one or both strands of DNA. Inhibiting this important step leads
to supercoiling and subsequent arrest in the replication of DNA (Bardal et al.
2011).

Etoposide, (Figure 1.1) a semi-synthetic podophyllotoxin derivative from the

plant Podophyllum hexandrum and its analogue teniposide are topoisomerase
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[ enzyme inhibitors that have been used for decades in the treatment of acute
myeloid leukaemia, gastric cancer, small cell lung cancer and non-Hodgkin's
lymphoma (Hande 1998).

As with other anticancer agents, poor bioavailability and resistance has
affected the use of these drugs. Efforts are also in progress to improve on the
drug delivery mechanism to rectify and enhance the activity of these agents.
A study conducted on the possible use of polymeric micelles as drug delivery
agents has shown that this system may not only improve on the availability of
the drugs at target sites, the tolerability of the drugs can also be improved (Chu
et al. 2016).

Apart from the drugs mentioned in Table 1.2, there are several other lead
compounds in various stages of clinical trials. The mechanism of most of these
drugs are known as shown below in Table 1.3 although there are some such
as berberine derived from Hydrastis canadensis where the mechanism was
previously unknown until recently. Beta-lapachone inhibits both
topoisomerase enzymes has completed phase Il trials while researchers
working on berberine isolated from the plant Coptis chinensis found that the
anticancer activity was due to the inhibition of proliferation and migration of
breast cancer cells by targeting Ephrin-B2 (Ma et al. 2017). This discovery
shows the possibility of uncovering new information with further research.
Beta-lapachone is a naturally occurring o-naphthoquinone derived from the
inner bark of Handroanthus impetiginosus plant that is used in traditional
medicine for tumours and it has now undergone phase 2 clinical trial for head
and neck carcinoma.

Another interesting molecule is colchicine which was previously used for the
treatment of gout and found to be active against cancer cells. However, it was
found to be toxic to cardiac cells. Colchicine is also a plant alkaloid that acts
by destabilizing microtubule in the same manner as the vinca alkaloids
(Bhattacharyya et al. 2008). This compound is now being developed as a
peptide conjugated prodrug that will only be released within cancer cells thus
eliminating the cardiotoxicity associated with it (Atkinson et al. 2010); (Gill et
al. 2014). Other compounds discussed are combretastatin A-1 which has also
completed phase 2 clinical trials for metastatic hepatic tumour while perillyl

alcohol commonly isolated from citrus species has undergone clinical trials for
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glioblastoma multiforme a difficult to treat brain cancer (Chen et al. 2015; Seca

and Pinto 2018). All these examples present a continued interest in natural

products as sources of chemotherapeutic agents.

Table 1.3 Compounds derived from natural sources with anticancer

activity that have undergone or are currently in clinical trials

Compound

Berberine

b-lapachone

(ARQ-501)

Colchicine

Combretastatin

(OXi4503)

Perillyl alcohol

Resveratrol

A-1

Source(s)

Berberis
vulgaris,
Hydrastis
canadensis,
Coptis
chinensis

Handroanthus
impetiginosus

Colchicum
autumnale

Combretum
caffrum

Limonene
analogue

(Citrus Spp)

Vitis spp

Clinical trial

&status

Recurrent colorectal
Adenomas

Completed Phase 3

Head and neck
carcinoma

Completed Phase 2

Hepatocellular
cancer

Phase 2

Hepatic tumour
burden

Completed Phase 2

Glioblastoma
multiforme

Phase 1/2
Colorectal cancer

Phase 1

Mechanism of action

& References

Inhibition of
proliferation,
angiogenesis and
metastasis

(Sun et al. 2009)

Topoisomerase |
(Gerber et al. 2018)

Anti-mitotic

(Lin et al. 2016)

Anti-mitotic

(Butler et al. 2014)

Activates caspase 3
apoptosis

(Chen et al. 2015)

Activates caspase 3
apoptosis

(Howells et al. 2011)

Notes: Adapted from Khazir et al (2014). All compounds checked for current clinical status

and additional information on clinicaltrials.gov
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1.4 Challenges of chemotherapy

As earlier discussed in Section 1.2.4.4, although chemotherapy is an important
aspect of cancer treatment, the issue of drug resistance is a threat that
undermines treatment outcome. As this study focuses on the use of medicines
from natural sources, it is pertinent to understand the reason why there is a
need for more efficient chemotherapeutic drugs. As such this Section looks at
the challenges of chemotherapy and how to overcome them.

Chemotherapy is one of the mainstays of cancer treatment but drug resistance
leading to treatment failure, intolerable side effects and the need for more
effective anticancer drugs have continued to fuel the zeal for anticancer drug
discovery. In this regard, several plants with possible anticancer properties are
being studied to develop more efficient, highly selective anticancer
compounds.

Cancers develop resistance to chemotherapeutic agents through several
mechanisms which include DNA damage repair, inhibition of cell death, drug
efflux, drug inactivation or target alteration, epithelial-mesenchymal transition
and factors related to epigenetics. It should be noted that drug resistance may
be due to one or a combination of these mechanisms (Housman et al. 2014).
This phenomenon known as multidrug resistance (MDR) is not restricted to
compounds with similar structures or even modes of action (Zhou 2010).

The ability to modify compounds to evade multidrug resistance (MDR) and
ensure adequate delivery of cytotoxic agents presents a wonderful opportunity
to overcome this challenge faced by chemotherapeutic agents. These can
lead to more efficient anticancer agents and more especially treat cancers
without the risk of developing MDR in cancers (Szakécs et al. 2006).
Research has shown that some plants possess anticancer activity against
MDR cancers, and it is worth continuing the search for such plants as the issue
of MDR in cancer therapy cannot be overemphasized (Kumar and Jaitak
2019).

For instance, a review of the cytotoxic activity of some medicinal plants used
traditionally in Kenya, showed that out 53 extracts from medicinal plants used
locally in the treatment of cancer, some of these extracts had cytotoxic activity
against both drug sensitive and resistant cell lines which is promising in the

case of the drug resistant cancers. The resistance mechanisms studied were
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to check the effect of the ATP-binding cassette (ABC) transporter P-
glycoprotein (P-gp) and breast cancer resistance protein (BCRP) in
expressing cells and the ability of the plant extracts to circumvent the effect
and prevent resistance from occurring. The cell lines used in the study were a
drug sensitive acute lymphoblastic leukaemia cell line (CCRF-CEM) and its
drug resistant variant CEM/ADR5000 to study the effect of ABC P-gp
transporters ( Oc hwangoi .et al . 2018)

To study effects of the second ABC transporter BCRP, the researchers used
MDA-MB-231 cells transfected with a vector for BCRP or mock were used.
The in vitro study showed that Prunus africana extract was the most active
against 7 cell lines tested which included both drug sensitive and drug resistant
cell lines. Harungana madagascariensis was the also active on 6 drug-
sensitive and resistant cell lines while another plant Bridelia micrantha was the
3" best in terms of activity which showed moderate cytotoxic effect on 4 cell
lines which included both sensitive and drug resistant cell lines. All the ICso
values reported for the active extracts were below 40 ug/mL. ( Oc hwang
2018).

The ABC transporters P-gp and breast cancer resistance protein (BCRP) are
involved in resistance mechanisms through which drugs can be removed from
cells.

The other mechanism studied by the Kenyan research group was the ability of
medicinal plants to prevent MDR through the mediation of epidermal growth
factor receptor (EGFR) thereby blocking the activity of cancer cells to promote
growth (Sigismund et al. 2018). This was analysed in cells presenting with
EGFR such as U87G where at least 2 extracts exhibited impressive cytotoxic
activities. Cancer cells over-expressing EGFR lead to resistance via activation
of the oncogene that promotes tumour growth ( Oc hwangoéi .et
The loss of p53 primary function or a mutation in this transcription factor leads
to loss in tumour suppression and inverse promotion of the growth of cancer
(Ozaki and Nakagawara 2011). Another interesting finding from the research
was a study on the effect of combinations of some of the plant extracts which
showed a synergistic effect leading the researchers to conclude that this
finding was in line with the practice seen in traditional medicine whereby

medicinal plants are used in combination ( Oc hwangoéi .et al
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Another instance where a medicinal plant has shown activity against MDR in
cancer is the case of tetrandrine a natural product isolated from Stephania
tetrandra which is a medicinal plant found in China. This compound was found
to modulate MDR in drug resistant MCF-7/adr cell line in a dose-dependent
manner up to 20-fold in vitro. The in vivo activity against xenografts on nude
mice also showed impressive activity as tumour weight reduced by 52.8-
57.5% when tetrandrine was used in combination with doxorubicin (Fu et al.
2002).

Again, this is promising news that there is the possibility of discovery of more
agents from nature that may be able to reverse MDR which has been a limiting
step in chemotherapy. There are many other examples of how natural
products modulate MDR in cancer either via any of the MDR mechanisms or
a combination of them. Also, some natural products are not cytotoxic on their
own but may act by sensitising cancer cells to anticancer drugs, thereby
inhibiting MDR (Kumar and Jaitak 2019).
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1.5 Malaria

Malaria is another global health issue where natural products have played a
significant role, and indeed continue to do so. Therefore, it is important to
discuss this major cause of death, especially in tropical areas, and hopefully
continue to explore the use of medicinal plants as potential and more effective
antimalarial agents.

1.5.1 The Cause, cost and health implications of malaria

The health and economic burden associated with malaria is huge and with
over 200 million cases of infections and about 380,000 deaths in 2018 alone,
it is imperative to find an effective drug for the treatment of this disease. To
further buttress the effort, according to the WHO, 3.1 billion US dollars was
made available in the same year for disease control and vector elimination
(W.H.O 2018).

The global distribution of malaria indicates Africa as the region with the highest
incidence. This may be due to Africa being the region where malaria is most
endemic, and disease control is poor. It is believed that presence of P.
falciparum which is one of the most dangerous species of malaria parasite and
the combined presence of an enabling environment and vector are amongst
the reasons why Africa, most especially the sub-Saharan region has the
highest burden of malaria (Snow RW 2006).

Nigeria, the highest, accounted for about 24% of all malaria related deaths in
2018, while Democratic Republic of Congo and the United Republic of
Tanzania had death rates of 11% and 5% respectively (W.H.O 2018). There
is therefore an urgent need for better antiplasmodial agents especially in the

aforementioned countries.
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Figure 1.2 Global distribution of malaria showing incidence cases per 1000 population
at risk by country.

High rates were recorded in tropical regions especially sub-Saharan Africa (pink-magenta).
Areas in green depict countries where there were no cases recorded in 2018 (Source: W.H.O.
Malaria report 2019).

Malaria is caused by different species of Plasmodium parasites which are
harboured by mosquitoes. Mosquitoes serve as vectors of the parasite thus
making it a communicable disease. The parasite that causes malaria is only
borne by the female mosquitoes of the species Anopheles. Although, there are
many species of mosquitoes that transmit malaria, Anopheles gambiae is the
principal vector especially in Africa. Malaria is transmitted when the vector
feeds on human blood. The stages of malaria infection are shown below in
Figure 1.3.

There are five known species of the Plasmodium parasite that cause malaria
and they are Plasmodium falciparum, Plasmodium ovale, Plasmodium vivax,

Plasmodium malariae and a rare type known as Plasmodium knowlesi. The
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deadliest of these is the P. falciparum which is mainly found in Africa although
cases have been reported in other parts of the world. This species also causes

most of the deaths worldwide.
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Figure 1.3 Transmission of malaria parasites from vector to host and vice versa.

Transmission starts with a single bite from an infected mosquito which leads to proliferation in
the human host. This first human host becomes a source of infection when uninfected malaria
gets infected during a feeding session thus leading to a vicious circle of transmission. Source:

https://www.jenner.ac.uk/about-malaria.

1.5.2 The life cycle of malaria parasite

After infection, usually from a bite by the female mosquito, where
approximately 10 parasites are injected into the blood, the parasites grow
exponentially when they reach red blood cells (RBC). Prior to reaching the
RBCs, the parasites enter the hepatic circulation where some are deposited
in liver cells. This forms the exo-erythrocytic or liver stage and is an important
aspect in the treatment of malaria. Asexual reproduction occurs in the liver
with more parasites being released into the blood and this further increase
infection.

The parasites live on proteins; mainly haemoglobin, and about 12 hours after
infection, these RBCs exhibit a strain-specific antigen on their surface. As the
parasites grow, they eventually burst out of the blood cells and the antigens
enable the parasites to adhere to the walls of veins and capillaries which then

gives them the ability to éhided from ci |
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The erythrocytic cycle for P. falciparum, P. vivax, and P. ovales is 48 hours
while P. malariae takes 72 hours to complete a cycle. The parasite goes
through different stages in the erythrocytes namely: rings, trophozoites and
schizonts.

The schizonts eventually rupture and release more merozoites which in turn
infect other RBCs and the cycle continues. The trophozoite is the term used
to describe the early growing stage of the parasite while the schizont is the
matured form of the parasite within the blood cell.

The intermittent fevers experienced in malaria infection occur during this
erythrocytic rupture of untreated infections.

The series of cycles eventually leads to a sub-population of trophozoites
developing into sexual gametocytes (Figure 1.4) which once ingested by
mosquitoes when feeding on a human host become activated and thereafter
undergo sexual reproduction in the vector. This stage of development that
occurs in the mosquitos is known as sporogony and lasts between 8-35 days
depending on the strain of parasite or the ambient temperature.

In the last few decades, apart from artemisinin and its derivatives, the only
other approved antimalarial is tafenoquine, an analogue of primaquine without
the neurotoxic side effects.

Efforts to develop a vaccine have resulted in Mosquirix® which was the
culmination of 3 decades of work and offers some protection against the
infection especially in young children (Morrison 2015). As effective vaccines
or drugs against malaria are still in short supply, it is imperative that new

agents are developed in the hope that a cure for malaria is found soon.

Anopheles mosquito Human

ametocyte
Mosquito stage a ?

\ \) Liver stage

%*Q@a] & e
- 7 Merozoite

Sporozoite

Trophozoite

Figure 1.4 lllustration of the life cycle of P. falciparum showing the different growth

stages of the parasite (Enomoto et al. 2012).
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1.5.3 Diagnosis of malaria

For the treatment of malaria to be effective, a prompt and early diagnosis is
important. Therefore, clinical diagnosis of malaria is essential to exclude other
conditions that may present with similar symptoms such as flu and typhoid
fever (Clark et al. 2004).

To correctly diagnose malaria, a combination of clinical and laboratory
investigations is important. Clinical diagnosis looks at symptoms which is an
ideal first step in endemic resource limited areas.

Laboratory diagnosis looks for presence of parasites in the blood of patients.
To do that, a blood smear is examined microscopically to check for blood
stages of the parasites. Another technique is to measure parasite DNA using
a test kit, but it requires the use of a fluorescence microscope which is not
ideal for resource limited areas. A quicker test kit recommended by the WHO
is the rapid diagnosis tests (RDTs) which measures parasite antigen and does
not require laboratory equipment. The RDT are usually designed as dip-sticks
preloaded with specific plasmodium parasite antibodies which makes it easy

to detect an infection (Tangpukdee et al. 2009).

1.5.4 Treatment of malaria

Records dating to the early parts of the 17™ century indicate that quinine was
used as treatment for malaria in both crude and extracted forms (Achan et al.
2011). This medicine continued to be used against the disease for over 2
centuries until resistance to it led to the development of new antiplasmodial
agents (Christensen 2015).

Malaria is now treated with several drugs known as blood schizonticides, with
treatment dependant on the species of malaria that caused the initial infection.
Treatment is based on the complexity of infections as shown in Tablel.4. A
brief description of the current drugs used in the treatment of malaria as shown
in the table indicate that treatment is based on the use of Artemisinin-based
combination therapy (ACT). In order to prevent an increase in resistance to
artemisinin and its analogues due to their short duration of activity, a second

drug with a longer half-life is given together with them (W.H.O 2018) .
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Table 1.4 W.H.O (2015) recommended guideline for the treatment of

uncomplicated and severe malaria caused by P. falciparum infection.

Uncomplicated malaria

Artemether + lumefantrine

5-14 kg: 1 tablet; 15 to 24 kg: 2 tablets; 25 to <34 kg: 3 tablets;
O 35 thbiets in 4ix doses regiments for a period of 3 days.
The therapeutic dose range is 1.47 4 mg/kg of artemether and
107 16 mg/kg of lumefantrine

Artesunate + amodiaquine

4 mg/kg/day artesunate and 10 mg/kg/day amodiaquine once a
day for 3 days, with a therapeutic dose range between 6-30

mg/kg/day artesunate and 22.57 40 mg/kg/dose amodiaquine

Artesunate + mefloquine

Target dose: 4 mg/kg/day artesunate given once a day for 3 days
and 8.3 mg/kg of mefloquine once a day for 3 days. The
therapeutic dose range is between 2 i 10 mg/kg/dose/day of

artesunate and 57 11 g/kg/dose/day of mefloquine

Artesunate + sulfadoxine

pyrimethamine

Target dose: 4 mg/kg/day artesunate given once a day for 3 days
+ a single administration of 25/1.25 mg/kg sulfadoxine-
pyrimethamine on day 1, with a therapeutic dose range between
2 7 10 mg/kg/day artesunate and 25 7 70/1.25 7 3.5 mg/kg

sulfadoxine-pyrimethamine

Dihydroartemisinin +

piperaquine

Target dose: 4 mg/kg/day dihydroartemisinin given once a day
for 3 days and 18 mg/kg of piperaquine once a day for 3 days.
The therapeutic dose range is between 2 7 10 mg/kg/dose/day
of dihydroartemisinin and 16 i 27 mg/kg/dose/day of

piperaquine

Severe malaria

Recommended treatment for severe malaria is with parenteral artesunate for at least 24h
then followed by ACT for 3 days.

Uncomplicated malaria usually presents with flu-like systems with fever being

the hallmark. Other symptoms are malaise, anorexia and the feeling of chilling

sensations. Severe malaria, on the other hand, presents with severe anaemia,

end organ damage and sometimes leads to coma (Bartoloni and Zammarchi

2012). Uncomplicated malaria is easier to treat usually with tablets and a

shorter duration of treatment. Severe malaria on the other hand requires

additional drugs to those used for uncomplicated infections and there is

usually a need for injectable forms of the drugs used.
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1.6 Anti-plasmodial agents from natural sources

Drug treatment is an important aspect in malaria infection and nature has
proved to be one of best sources for modern medicines as seen in the
preceding Sections on cancer drugs from natural sources. The use of natural
remedies in malaria is well documented in some cultures going back to at least
the 17 century.

Extracts of Cinchona bark were used as a remedy to treat malaria and for
about 2 hundred years the compound responsible for the activity was not
known until 1820 when two French chemists isolated quinine and cinchonine.
Other alkaloids such as quinidine and cinchonidine were eventually isolated
and until synthetic antimalarials became available, quinine was of the utmost
importance in the treatment of malaria infections (Bruce-Chwatt 1986; Achan
et al. 2011).

Other notable antimalarial agents from nature or inspired by natural
compounds are doxycycline, proguanil, clindamycin, and chloroquine
(Schlitzer 2008). Quinine and artemisinin are discussed in more detail below
as they are both natural products with artemisinin currently being used in
therapy while quinine is used in areas where artemisinin is not available. They
both also remain the only approved compounds that were derived from plants.
Numerous derivatives have since been made from these two compounds

hence the need for further research in natural product drug discovery.
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Figure 1.5 Examples of structures of antimalarial agents discovered from plants.

Structures generated using ChemBioDraw ultra 12.0, Cambridgesoft.com.

1.6.1 Quinine

Quinine (Figure 1.5) was for a large part one of the earliest known drugs used
in the treatment of malaria and it was first isolated along with its isomer
quinidine from the plant Cincona succirubra. It was first discovered in the
1600s during the explorations and expeditions of the new world by the French
missionaries (Christoforidis and Chang 2014). It was discovered in the
Cincona region of Peru where the people used it in traditional medicine.
Quinine is a quinoline alkaloid from which several synthetic analogues were
later developed to counteract drug resistant strains of the parasite causing
malaria. Chloroquine and mefloquine are two of the prominent synthetic
analogues that are used in the prevention and treatment of malaria (Jones et
al. 2015).
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1.6.2 Artemisinin

In 1967, while researching for new antimalarials, a Chinese herb Qing Hao
was found to be effective against fevers and subsequently found to be a potent
antimalarial agent. The medicinal plant from which the herb was made from
was Artemisia annua (Wright 2005b).

Artemisinin (Figure 1.5) which was eventually isolated from Artemisia annua
Linn., became a news sensation when the scientist that brought the compound
into limelight won a Nobel prize for Physiology or medicine in 2015 (Liu 2017).
The plant from which the compound was isolated from has been used for
centuries in China for many ailments including malaria and documented in a
Chinese book of prescription.

Artemisinin and artemisinin derivatives are now part of a WHO recommended
treatment regimen in combination with a second antimalarial for the treatment
of malaria. The regimen is known as artemisinin-based combination therapy
(ACT). This was proposed to prevent the development of resistant strains of
the parasites as seen with other compounds when used alone and due to its
short duration of action. The most notable derivatives of the compound are
artesunate (Figure 1.5), dihydroartemisinin and artemether (Wang et al. 2019).

1.7 Drug resistance in malaria

Drug resistance continues to be one of the main reasons for treatment failure
in many diseases and malaria is no exception. Resistance has risen against
most of the drugs and the need for effective antimalarial agents cannot be
overemphasized.

Resistance to quinine was first discovered in the beginning of the 20" century,
thus, slowing down its long history of activity in treatment malaria (da Silva and
Benchimol 2014). Barely 10 years after its discovery and use, resistance
developed against chloroquine, a chemical dye inspired antimalarial (Wellems
and Plowe 2001). Artemisinin used in China for more than 2000 years was not
spared as resistance to this drug has also been detected in many regions of
the world where malaria is endemic (Dondorp et al. 2009). Artemisinin has a
short duration of action which may have contributed to the development of

resistance to it.
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One of the most important ways resistance occurs is through a phenomenon
known as recrudescence which implies that a second infection occurs due to
sub-clinical doses of drugs or incomplete treatment regimens. Another
important reason is the difficulty in treating liver stage parasites (Prudéncio et
al. 2006; LaCrue et al. 2011).

It is, therefore, imperative to continue the search for new antimalarial agents
and especially from natural sources as this has proved to be a resourceful
avenue as seen over time in history. As shown in Table 1.5, there has been
development of resistances to even the most recently discovered antimalarials

such as artemisinin and its derivatives.

Table 1.5 Existing antimalarial agents with their mechanisms of action

Name Chemical class Mechanism of = Emergence of
action Resistance/ world
regions
(References)
Quinine Alkaloid Inhibition of heme 1910 (S America) (da
Silva and Benchimol
crystallization 2014)

1960 (SE Asia,
Oceania)

(Ekland and Fidock
2008)

Chloroquine Quinoline derivative Same as above Late 1950s (SE Asia, S
America)

~1980 (E Africa)

(Wellems and Plowe
2001; Ekland and

Fidock 2008)
Sulfadoxine/ Sulfonamide/ Inhibition of 1970 (SE Asia)
dihydrofolate
pyrimethamine diaminopyrimidine reductase (DHFR) 1980 (S America)

1990 (Africa)
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Table 1.5 contdod Existing anti mal ar.

Name Chemical class Mechanism of Emergence of
action Resistance/ world
regions
(References)
Mefloquine Amino alcohol Inhibition of heme 1990 (SE Asia) (Ekland
crystallization and Fidock 2008)
Halofantrine Amino alcohol Same as above 1990 (Africa) (Carme
et al. 1993)
Atovaquone/ Naphthoquinone/ Inhibition of 2002 (Africa)
_ . . electron transport .
proguanil Biguanide ) . (Fivelman et al. 2002;
in parasite
derivative ) ) Musset et al. 2006)
mitochondria/DHFR
Artemisinin and Sesquiterpene Production of free 2007 (SE Asia)
derivatives lactone radicals (Dondorp et al. 2009)
Amodiaquine Quinoline Inhibition of heme 2008 (Africa)
derivative o .
crystallization (Ekland and Fidock
2008)

The column on the far right shows a timeline of when resistance first emerged and the world
regions where these were reported. The resistance to antimalarials shown here are mostly

against P. falciparum infections but resistance may also include covering P. vivax as well.

1.8 Medicinal plants from West Africa

As discussed above, natural products have an important role to play in disease
control. Of special interest in this study, are plants from West Africa, with a
focus on Nigeria. Therefore, in the following Sections, the geographical and
ecological characteristics of the region are discussed along with examples of
medicinal plants, focusing specifically on those used in Nigeria for the
treatment of cancer and malaria.

West Africa comprises of 15 countries and is located on the western region of

Africa. These are Nigeria, Niger, Benin, Burkina Faso, Ghana, Togo, Cabo
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Verde, Cote DOl voire, Senegal, Ma |

Guinea and The Gambia based on African union and the Economic community
of west African states (ECOWAS) classification (Au.int. 2020; ECOWAS
2020). Itis a political and economic community with a vibrant cultural life, and
it is no surprise that a traditional medicine system of health care is right in the
centre of this society. Although the vegetation is similar across the region, the
uses of medicinal plants may differ even when the same species of plants are
used. This may be due to the observed use in each community (Ntie-Kang et
al. 2014a).

1.8.1 Ecology of West Africa

The West African region (Figure 1.6) is rich with a semi-arid zone that is ideal
for the wild growth or cultivation of commercially viable crops and medicinal
plants of high value (Amanor 2003). These high value plants such as Vitellaria
paradoxa (shea butter), Parkia biglobosa (African locust bean), Acacia
senegal (gum arabic) and Cola nitida (Cola nuts) are used as foods and
condiments in addition to their use by the local communities for medicinal
purposes (Van Wyk 2015).
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Figure 1.6 Ecology of West Africa. The map shows variable vegetation zones from arid zones
on the topmost part to a much denser high forest zone towards the coastal areas at the bottom
(Amanor 2003).
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Plants such as Balanites aegyptiaca have been investigated for their
antioxidant and antiproliferative activities. This plant is used traditionally for
various ailments such as colic; it is also used as antimalarial and as
antimicrobial agent. This highly valued medicinal plant is also used to treat
skin infections and as a general treatment for wounds (Chothani and
Vaghasiya 2011). The study of its antiproliferative activity indicates that the
plant contains saponins that exhibit in vitro antiproliferative activity against
MCF-7 (breast cancer) and HT-29 (colon cancer) cells. The most active
saponin isolated from it was at least 12 times more active than cisplatin on
both cell lines (Beit-Yannai et al. 2011).

Another example of a medicinal plant that has been investigated for its
antioxidant properties is Adansonia digitata. A study by Hussain et al. (2019)
found that methods used for the extraction of compounds were as important
in determining their activity as other factors. It was, therefore, interesting that
their study showed that compounds extracted via maceration method had the
highest antioxidant properties (Hussain et al. 2019).

There are many such examples of medicinal plants with great potential as
therapeutic agents and this region presents an opportunity for the search for
high value pharmacologically active compounds that may be used in the
development of drugs to treat cancer and malaria.

The high forest zone of West Africa, on the other hand, serves as a habitat for
valuable trees such as timber which services the furniture industries around
the world in addition to being a source of partially fire-resistant non-timber
species that are used as fuel source in the region (Ribot 2001).

It is also an area of interest for plants with medicinal properties as shown from
ethnobotanical surveys from the southern coast of Nigeria where the ecology
is representative of a rainforest (Ajibesin et al. 2011; Ajibesin et al. 2012).
Some of the medicinal plants identified in those surveys are Aspilia africana
used in wound healing, Vernonia amygdalina used in the treatment of malaria
& typhoid, Smilax anceps used in the treatment of skin infections and Carica
papaya used in the treatment of diabetes (Ajibesin et al. 2011). Others such
as Physostigma venenosum have had a long history in the treatment of eye
disorders such as glaucoma although it was originally used as an ordeal plant

due to its activity as an inhibitor of cholinesterase. Ordeal plants are those
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plants that produce harmful effect when ingested or touched. Garcinia kola is
used as traditional remedy for respiratory tract infections and studies have
found that it contains antioxidants and immuno- stimulant compounds. These
and other plants used in the West African region as medicinal plants for a

variety of illnesses are listed in Table 1.6.

Table 1.6 Examples of medicinal plants used in West Africa for the

treatment of general illnesses

Medicinal Plant Family Uses Notes/References

A standard formula known
as O Phytol ari a
in Ghana for the treatment

Cryptolepis sanguinolenta | Apocynaceae = Antimalarial

Balanites aegyptiaca Balanitaceae

Holarrhena floribunda Apocynaceae
Physostigma venenosum = Fabaceae
Vitellaria paradoxa Sapotaceae
Securidaca Polygalaceae
longepedunculata

Acacia senegal Fabaceae
Calotropis procera Apocynaceae
Garcinia kola Clusiaceae

Antiulcer Antimalarial
Antioxidant
Anticancer

Anti-mycobacterial

Treatment of
glaucoma and
myasthenia gravis

Skin infections,
Wound healing

Antimalarial

Wound healing
Anti-diarrheal
Anti-dysentery
Anti-ulcer

Antioxidant Immuno-
stimulant

Aphrodisiac

of malaria

(Forkuo et al.
(Wright 2005a)

(Ugwah et al. 2019)

(Yemoa et al. 2015)

Physostigmine a
reversible acetylcholine
esterase inhibitor as
isolated from this plant
(Zhao et al. 2004)

(Tagne et al. 2014)

(Dibwe et al. 2014)

(Van Wyk 2015)

(Van Wyk 2015)

(Okoko 2009)
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1.8.2 African traditional medicine (ATM)

This is the practice of treating several diseases mainly using indigenous
medicinal plants and spiritual means to a lesser extent by various African
communities (Mahomoodally 2013). The north-east of Nigeria, which is the
focus in this project, is an area where such practices are common with the
different ethnic groups often sharing knowledge on the treatment of common
diseases such as malaria, cancer and diabetes amongst themselves. The
people of the area who are mostly Hausa, Fulani and Kanuri have been known
to have similar treatment modalities for some diseases (Se et al. 2010).

This treatment is offered by herbalist or medicine men and women who are
perceived to have knowledge of diseases and plants used for the treatment of
such. Oftentimes, the knowledge is deemed to be inherited from ancestors
(Ozioma and Chinwe 2019). This belief in inherited knowledge may come from
the fact that most ATM knowledge is passed on orally and not written down
like its counterpart practices such as Chinese and Ayurvedic systems
(Sofowora 1993).

ATM practitioners are generally divided into specialities such as bone setters,
herbalists and medicine men who deal with general ailments, traditional birth
attendants and spiritualists (Sofowora 1996). There could be some
practitioners that are mainly collectors and sellers of these medicinal plants
who are important actors due to their long history and experience of dealing
with herbalists.

ATM may involve a well-established practice where a traditional medicine
practitioner or herbalist who is endowed with knowledge of medicinal plants is
consulted. Someti mes occul't practices that bor
spirits of ancest o (Ogidnaana Chinwe 2019). t ake pl ac
Treatment of ailments is mostly based on observable symptoms while complex
di seases are mostly treated with &édinhere
ATM is an important aspect of health care management in Africa because the
majority of the population rely on it due to economic reasons, easy accessibility
and a believe that these medicines are safer than orthodox ones (Sofowora
1993).

The African continent is endowed with a diverse population of natural products

and as such the indigenous knowledge acquired by ATM may prove to be
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useful in the development of new drugs hence the need to study these natural
products (Ntie-Kang et al. 2014Db).

1.8.3 Medicinal plants used traditionally for the treatment of cancer and
malaria in Nigeria

Most African countries have a traditional medicine practice that has a profound
effect on the lives and livelihood of people living in developing countries and
Nigeria is no exception.

Nigeria is a country in West Africa that is endowed with rich vegetation and a
vibrant traditional medicine practice that has existed for centuries. It is
therefore logical to investigate the use of these plants scientifically with hopes
of discovering novel compounds that can be further developed into drugs for
several ailments.

Medicinal plants have a long history of use in Africa in general and the
continued use of these plants present an interesting opportunity to study their
effects on cancer cells and malaria parasites to see if potentially novel
therapeutics can be isolated from these to use in contemporary medicine.
Since an ethno-botanical survey is one of the preferred ways of identifying
plants with medicinal properties, Table 1.7 presents the results of some
surveys conducted on the use of medical plants in the treatment of cancer in
Nigeria while a list of plants used traditionally in the treatment of malaria is
listed in Table 1.8.

Ethnobotanical or ethnopharmacological surveys have been used by scientists
because it saves time and energy researching a large collection. This method
of research is based on the observed use of natural products in areas where
such is used as medicine. The history of use also provides some data on the
toxicity or otherwise of such plants. This advantage in addition to the indicated
local use gives an easier route to the pharmacological investigation of such
plants (Taylor et al. 2014). For instance, through such surveys drugs such as
quinine used in the local treatment of malaria was discovered.

Many useful compounds have been discovered using this method and notable
is the arrow poison tubocurarine used by South Americans to immobilise their
prey during hunting (Gilani 2005). Another example is the discovery of

reserpine which is used in the treatment of hypertension. It was eventually
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isolated from the plant Rauvolfia serpentina and as the name suggests, was
used by locals for the treatment of snake bites.

In Nigeria, the use of the seeds from the plant Physostigma venenosum locally
known as Calabar beans is another example of how studies of the local use of
a plant can lead to the isolation of bioactive compounds such as physostigmine
and calabarine. P. venenosum seeds cause paralysis and respiratory arrest
but physostigmine isolated from it is now used in the treatment of glaucoma
and myasthenia gravis (Zhao et al. 2004).

Some medicinal plants used for the treatment of cancer in Nigeria include
Acanthospermum Hispidum, Andira inermis, Securidaca longepedunculata
and Vitellaria paradoxa (Ngulde et al. 2014). Others are Anacardium
occidentale, Cajanus cajan and Dioscorea hirtiflora (Ashidi et al. 2010). Table
1.7 shows details of these plants and others that are used for the traditional
treatment of cancer. The list also includes some information on the parts of

the plants used.

Table 1.7 A selection of medicinal plants used in the traditional treatment
of cancer in Nigeria

Botanical Name Family Part Used References
Acanthospermum Asteraceae Flowering (Ashidi et al.
hispidum DC. shoots 2010)
Anacardium Anacardiaceae Leaves (Taiwo et al.
occidentale L. 2017)

Andira inermis (W. Fabaceae Epiphyte, stem (Ngulde et al.
Wright) DC. bark 2014)
Annona senegalensis Annonaceae Root (Sowemimo et
Pers. al. 2007)
Azadirachta indica A. Meliaceae Leaves, barks (Odoh et al.
Juss. 2018)
Cajanus cajan (L.) Fabaceae Leaves (Ashidi et al.
Millsp 2010)
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Table 1.

7

Co nt éf dnedicina plants awsed im whe traditional

treatment of cancer in Nigeria

Botanical Name

Combretum
micranthum G.

Don

Corchorus olitorius
L.

Cyperus
articulatus L.

Dioscorea hirtiflora
Benth.and Hook.

Entada  africana

Guill. & Perr.

Persea americana
Mill.

Pterocarpus

erinaceus Paoir.

Securidaca
longepedunculata

Fresen.

Sterculia setigera

Delile

Family

Combretaceae

Malvaceae

Cyperaceae

Dioscoreaceae

Fabaceae

Lauraceae

Fabaceae

Polygalyceaa

Malvaceae

Part Used

Root

Leaves

Rhizome

Leaves

Callus

Leaves

Roots, stem bark

Roots

Stem bark

References

(Ajibesin et al.
2008)

(Taiwo et al. 2016)

Personal
communication

with herbalist

(Ashidi et al.
2010)

(Ngulde et al.
2014)

(Engel et al. 2011)

(Ngulde et al.
2014)

(Ashidi et al.
2010), (Ngulde et
al. 2014)

(Ngulde et al.
2014)

Table 1.8 on the other hand, shows some plants that are used traditionally in

the treatment of malaria. Examples of plants used in the traditional treatment

of malaria in Nigeria are barks and leaves of Azadirachta indica, leaves of
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Carica papaya, and roots of Cryptolepis sanguinolenta (Ajaiyeoba et al. 2003;
Adebayo and Krettli 2011).

Table 1.8 A selection medicinal plants used traditionally in the treatment

of Malaria and general fevers in Nigeria

Botanical Name

Adansonia digitata L.

Anacardium
occidentale L.

Alstonia boonei De
Wild.

Azadirachta indica A.
Juss.

Carica papaya L.

Chromolaena odorata
(L) R.M. King & H.
Rob.

Croton zambesicus

Mull.Arg.

Cryptolepis
sanguinolenta (Lindl.)
Schltr.

Cymbopogon citratus
(DC.) Stapf

Cyperus articulatus L.

Daniellia ogea
(Harrms) Rolfe ex
Holl.

Eupatorium odoratum
L.

Family

Malvaceae

Anacardiaceae

Apocynaceae

Meliaceae

Caricaceae

Asteraceae

Euphorbiaceae

Apocynaceae

Poaceae

Cyperaceae

Fabaceae

Compositae

Part Used

Leaves

Leaves

Roots

Barks and

leaves

Leaves

Leaves and
flowers

Leaves

Roots

Leaves

Rhizome

Root

Leaves

References

(Ajibesin et al.
2008)

(Dike et al. 2012),
(Ajibesin et al.
2008)

(Ajibesin et al.
2008)

(Ajaiyeoba et al.
2003)

(Ajaiyeoba et al.
2003)

(Olorunnisola et al.
2013)

(Ajibesin et al.
2008)

(Adebayo and
Krettli 2011)

(Ajibesin et al.
2008)

(Etkin 1997)
(Ajibesin et al.

2008)

(Ajibesin et al.
2008)
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1.8.4 Medicinal plant families of interest

As this project investigated 4 medicinal plants from four distinct plant families,
these families are briefly discussed in this Section, with more in-depth
discussion of the selected plants in each specific chapter later on. Most plants
belonging to a taxonomic family or more specifically to the same genus
produce similar metabolites and often have closely related activities (Ntie-
Kang et al. 2016). This information may be of use in the discovery of new

compounds.

1.8.4.1 Sapotaceae Juss.

This family of plants consists of approximately 50 genera and 1200 species
widely distributed in tropical climates (Vaghani 2003). The plants from this
family are fruit bearing trees or shrubs that also produce latex (Baky et al.
2016). Several studies have shown that plants belonging to this family contain
saponins (Podolak et al. 2010), triterpenes (Mogue et al. 2019) and steroids
(Khallouki et al. 2005) as their major constituents. Compounds isolated from
these plants have shown a wide range of biological activities and some of
these are discussed below with a summary of the activities given in Table 1.9.
Some important members of this family that have been used for their medicinal
properties are Mimusops caffra and Mimusops obtusifolia; both used as
antiplasmodial medicine by the Zulu people of South Africa and Mozambique
(Simelane et al. 2013).

Poturia ramiflora is another member of this family that is used for medicinal
purposes in Brazil. With regards to studies on its biological activity, a report on
t h eamylase properties of P. ramiflora indicated that it had comparable
activity to insulin attributed to taraxerol isolated from the roots of the plant.
Other compounds isolated from the plant are Friedelin, epi-friedelanol and
these may collectively be responsible for the antioxidant activity of P. ramiflora
(Rodrigues et al. 2017).

A study of the cytotoxic activity of another member of the family showed that
Manilkara pellegriniana contains triterpenes in addition to flavonoids and
cyclitol. Cyclitols are carbohydrates that contain only hydroxyl groups. One of
the triterpenes isolated from this plant characterized as a pentacyclic
triterpene: 2 U-pentahydroxylirs-12-en-2B®ib gcid, 2xdibited
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cytotoxic activity against SPC212 human mesothelioma lung cancer cells with
ICs0 value of 0.52 pg/mL which can be considered as significant activity for a
cytotoxic agent (Mogue et al. 2019) .

In addition to the plants mentioned above, Donella species from the
Sapotaceae family have also shown cytotoxic activity in addition to
antimicrobial activity as shown in a study where triterpenoids isolated from
Donella ubanguiensis exhibited cytotoxic activity on HT1080 fibrosarcoma
cancer cell line with an ICso of 5ug/mL. Antimicrobial activity was observed with
2 of the isolated compounds having ICso values between 256-512 pg/mL. In
the same study, it was also observed that the same compounds with
antimicrobial activity were active against multi-drug resistant strains of bacteria
namely Klebsiella pneumonia KP55, Escherichia coli AG100 and Enterobacter
aerogenes CM64 (Djoumessi et al. 2012). Even though the antimicrobial
activity was moderate, this is an interesting finding as there has been an
increase in the incidence of antimicrobial resistance to drugs.

Madhuca indica is used in traditional medicine as a wound healing remedy in
addition to treating headaches as well as its use as anti-burn and anti-
hel minthic. One study of this plant me n
flavonoid characterized as 3, 5, 7PRexakydrbxyjflavone, which may have
potential use as a gastro protective agent (Mohod et al. 2016). This study may
justify its use as a wound healing remedy in traditional medicine practice.

All these plants mentioned above have shown at least one biological activity
which shows that members of this plant family are an interesting group which
may be the source of biologically agents active against several disease
conditions. It is therefore logical to investigate the members of the Sapotaceae
family with the hopes of isolating such important compounds especially in the
area of cancer.

Vitellaria paradoxa was chosen from this family as part of this study due to its
long history of use in traditional medicine of West Africa and Nigeria in
particular. Most reported studies have focused on the antimicrobial activity of
this plant; therefore, this study presents an opportunity to study the cytotoxic
activity of V. paradoxa in detail with the aim of isolating the compounds
responsible for the activity. The investigations on this plant are discussed in
Chapter 3.
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Table 1.9 Examples of medicinal plants from the Sapotaceae family and

their uses
Plant Isolated Traditional References
constituents uses/observed
activities
Donella ubanguiensis Triterpenes Cytotoxic agent, ((Djoumessi et
antimicrobial al.
2012);Sandjo
etal. 2017)
Madhuca indica J. F. Gmel. = Flavonoid Wound healing, (Mohod et al.
2016)
Anti-ulcer
Manilkara pellegriniana Triterpenes Cytotoxic agent (Mogue et al.
2019)
Mimusops caffra E. Mey. ex = Triterpenes Antiplasmodial (Simelane et
A.DC. al. 2013)
Pouteria ramiflora (Mart.) Triterpenes Antidiabetic, (Rodrigues et
Radlk. antioxidant al. 2017)

1.8.4.2 Cyperaceae Juss.

This plant family members are highly diverse that are annual or perennial
plants that grow in the tropics. There are roughly 4000 species in this plant
family with the genus Cyperus having about 950 generic and sub-divisional
names (Huygh et al. 2010). This makes Cyperus one of the major subdivisions
in the family. Some examples are listed in Table 1.10 and discussed in detall
below.

These plants are used in traditional medicine practice in many tropical
countries where they occur naturally such as such as Nigeria, Egypt, Pakistan
and Brazil. They are also used in the cosmetic industry as some of them
produce fragrant essential oils. Some notable members of this family used for

their medicinal properties are C. rotundus, C. papyrus and C. esculentus.
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Table 1.10 Examples of medicinal plants from the Cyperaceae family and

their uses
Plant Isolated Traditional References
constituents uses/observed
activities
Cyperus amuricus Phenolic Astringent, antioxidant, = (Rahmatullah et al.
Maxim. compounds anticancer 2010; Pham et al. 2017)
Cyperus esculentus | Essential oils Antioxidant, (Jing et al. 2016; Jing et
L. antimicrobial al. 2020)
Flavonoids
Cyperus papyrus L. = Essential oils Treatment of ulcers, to = (Hamed et al. 2012;
heal wounds and in Hassanein et al. 2014)
treatment of cancer
Cyperus rotundus L. = Tannins, Alkaloids, =Astringent, (Nisar et al. 2014;
Flavonoids anthelmintic, used in Peerzada et al. 2015;
the treatment of Agyare et al. 2018)
Essential oils .
leprosy, anticancer
Remirea martima Phenolic ketones, = Antioxidant, anti- (Rabelo et al. 2013)
Aubl. inflammatory,
Flavone glycosides )
analgesic

One of the well investigated members of this family; C. rotundus is found in
many tropical countries and although it is referred to as a noxious plant due to
its tenacious nature as a weed, its medicinal uses far outweigh the nuisance
it causes. Itisactual 'y descri bed as t heCypes
rotundus is also used as an astringent, anthelmintic and a treatment for leprosy
by the people of Bahawalpur in Pakistan (Nisar et al. 2014). And indeed, it has
many other medicinal uses such as anti-hypertensive, antihyperglycemic, anti-
inflammatory and antimalarial in many other communities worldwide (Kamala
et al. 2018).

Another member of the family, Cyperus papyrus whole plant is used for the
treatment of eye diseases, ulcers, to heal wounds and cancer (Nisar et al.

2014). The leaves of the plant are used in the treatment of oedema while
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decoctions of the tubers are used for the treatment of heart conditions such as
palpitations (Crawford 2007).

Yet another well-researched member of the Cyperaceae family is C.
esculentus. This medicinal plant which is also known as tiger nut has been
used for its nutritional properties in addition to its use as a medicinal plant. The
tubers which are a rich source of starch, proteins and oils have been useful in
many communities as food supplements. The leaves contain flavonoids and
studies have shown that it has antioxidant properties and selective
antimicrobial properties against both gram-negative and gram-positive
microorganism (Jing et al. 2016). Cyperus articulatus, one of the medicinal
plants chosen for this research is a member of this family of plants and it is

discussed in more detail in Chapter 4.

1.8.4.3 Polygalaceae Hoffmanns. & Link

This family of plants consists of about 30 genera based on the classification
by the Royal Botanic garden at Kew. Securidaca longepedunculata belongs to
Securidaca, a genus in this family. Other genera in this plant family include
Polygala (Silva et al. 2016), Xanthophyllum (Mpala et al. 2019), Muraltia and
Polygaloides.

Members of this plant family are known to produce phytochemicals such as
xanthones, flavonoids, coumarins, saponins and lignans (Ji et al. 2019).
Isoflavones are also produced by some member plants such as Polygala
molluginifolia (Nucci-Martins et al. 2016). Some studies that investigated
activities of some plants from this family are summarised below and shown in
Table 1.11.

A hydro alcoholic extract and an isoflavone isolated from Polygala

molluginifolia were found to treat pain and inflammation in animal models in a

dose dependent manner . The Il sofl avone

trinydroxy-6 njdénnet hyl pyrano [ 2nj, 3nj: 7, 6 $ted
that the analgesic property was due to the ability of the extract and isoflavone
to activate endogenous opioid receptors in addition to their ability to inhibit
other pain receptor channels such as transient receptor potential cation

channel subfamily V member 1 (TRPV1) or transient receptor potential
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ankyrin 1 (TRPAL) or both as the study was not conclusive as to the precise

mechanism of action (Nucci-Martins et al. 2016).

Polygala japonica which is widely distributed in Asia is another member of the

Polygalaceae family that is also known to possess anti-inflammatory activity.

Saponins isolated from this plant were shown to possess significant anti-

inflammatory activity when compared to indomethacin which was used as a

control drug (Wang et al. 2008).

The member of the family selected in this research was S. longepedunculata

and it is discussed in more detail in Chapter 5.

Table 1.11 Examples of medicinal plants form the Polygalaceae family

and their uses

Plant Isolated

constituents

Carpolobia lutea G. Triterpene
Don saponins
Polygala japonica = Triterpenoid
Houtt. saponins
Flavones
Polygala molluginifolia | Isoflavones
A.St.-Hil. & Moq.
Polygala sabulosa A.W. Coumarins
Benn. Steroids
Securidaca Triterpene
inappendiculata Hassk. = saponins
Xanthones

1.8.4.4 Apocynaceae Juss.

Medicinal
uses/observed
activates

Used in the treatment of

headache, fevers and

malaria

Anti-inflammatory

Analgesic and Anti-
Inflammatory agent,

cytotoxic activity

Anti-inflammatory

Anti-inflammatory,

Antibacterial, Cytotoxic

References

(Mitaine-Offer et al.
2002; Bero et al.
2009)

(Wang et al. 2008)

(Nucci-Martins et al.
2016; Tizziani et al.
2017)

(Borges et al. 2014)

(zha et al. 2015)

Apocynaceae which is synonymous with both Asclepiadaceae Borkh.and

Periplocaceae Schiltr., is a plant family that consists of about 350 genera which
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includes the genus Cryptolepis. The genus Cryptolepis, on the other hand,
consists of about 42 different species of which Cryptolepis sanguinolenta is
one. C. sanguinolenta is the 4" plant under investigation in this project and

more details can be found in Chapter 6.

Table 1.12 Examples of medicinal plants from Apocynaceae family and

their uses
Plant Isolated Medicinal Reference
constituents uses/observed
activities
Catharanthus roseus Alkaloids Anticancer (Pham et al.
(L.) G. Don 2018)
Saponins
Kopsia fruticosa Alkaloids Anticancer (Long et al. 2018)
(Roxb.) A.DC.
Antimicrobial
Antifungal
Mondia Whitei (Hook.f.) = Aldehydes Anti-epileptic, (Aremu et al.
Skeels aphrodisiac, anti- 2011)
Coumarins .
malarial
Nerium oleander L. Cardenolides Anticancer (Wen et al. 2016)
Rauwolfia serpentina Alkaloids antihypertensive (Lobay 2015)
(L.) Benth. ex Kurz
Steroids
Flavonoids

Cryptolepis species are climbers or shrubs and sometimes occur as small
trees and are widely distributed in tropical regions. Table 1.12 shows a
selection of some of the plants in this family such as Catharanthus roseus
which was the initial source of the well-known anticancer drugs vincristine and
vinblastine (Pham et al. 2018). In addition to producing alkaloids with
anticancer properties, members of this plant family are also known to produce
cardenolides such as digitoxigenin which though used traditionally as

cardiotonic, may have application as anticancer agents (Wen et al. 2016).
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Other biologically active compounds isolated from members of this plant family

include coumarins, saponins and steroids as shown in the table.

1.9 Aims & Objectives

As has been reviewed in this chapter, natural products and their derivatives
have the potential for further development of compounds which display a
diverse and wide range of pharmacological activities. There is also the
possibility of using these compounds as building blocks or starting materials
for several pharmacologically relevant compounds as this study stands to
show.

In the case of most anticancer and antiplasmodial agents, the most effective
treatment options are still from natural sources. Unfortunately, the threat of
development of resistance to these agents cannot be ignored hence the need
for the development of new drugs. This project has two main aims which
ultimately look to use natural products from Nigeria to increase our therapeutic
options for cancer and malaria.

The first aim of the project is to investigate the ethno-medicinal use as cancer
treatments of 3 selected plants, isolate active compounds and assess
cytotoxicity in cancer and normal cells. The plants under investigation are
Securidaca longepedunculata, Vitellaria paradoxa and Cyperus articulatus
commonly used in the treatment of cancer in north east Nigeria.

To achieve this aim, the following objectives will be carried out as follows:

- Extraction and preparation of crude extracts using different solvent
systems and identify extracts with cytotoxic compounds using a panel
of cancer cell lines.

- Further fractionation of crude extracts with cytotoxic activity with the aim
of isolating and identifying active compounds.

- Elucidate the structure and molecular weight of active compounds
using mass spectroscopy and nuclear magnetic resonance
spectroscopy.

The second aim of the project is to synthesize novel halogenated analogues
of cryptolepine and identify any with improved cytotoxic and anti-plasmodial

activity compared to the parent molecule, which could be further developed as
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anti-cancer and/or anti-plasmodial therapies. This will be achieved through the

following objectives:

To semi-synthesize these compounds using green and environmentally
friendly processes.

To semi-synthesize new cryptolepine analogues by halogenation using
N-bromosuccinimide and N-iodosuccinamide.

Characterize and elucidate the structures of the new compounds using
- spectroscopic methods.

To investigate the cytotoxic activity of the analogues against a panel of
cell lines.

To evaluate the antiplasmodial activity of the new compounds against

Plasmodium parasite using a pLDH assay.
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Chapter 2 Materials and Methods

2.1 Plant selection

The plant materials were selected based on their ethno-pharmacological use in
the north-eastern part of Nigeria. A traditional medicine practitioner was therefore
employed to aid this process. Identification of the plants was done by a
taxonomist at the Department of Biological Sciences, University of Maiduguri and
voucher specimens were prepared and deposited in the herbarium of the Faculty
of Pharmacy, University of Maiduguri in Borno State, Nigeria.

A typical chain for obtaining medicinal plant materials is shown in the schematic
diagram below Figure 2.1. Plants and other natural products used in traditional
medicine usually grow in the wild except for some that are cultivated.

These important resources are collected directly by herbalists with the knowledge
for their use or collectors who have knowledge of the plants but not necessarily
the uses. Traders are also important in the chain of distribution of medicinal plants
as they usually have access to these materials either directly or through the

collectors and herbalists.

Natural habitat of medicinal plants and other natural Products

Collectors

AN
<>

End users (Domestic/International)

Figure 2.1 Supply chain of medicinal plants from natural sources to end-users

Collectors as seen from the diagram are important intermediaries while the existence of a
connection between herbalist and traders is another important aspect of trade in medicinal plants.
Adapted from (Pretzsch 2005).
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The traders and collectors also serve as a source for the herbalists when the
need arises. Most end-users as seen in Figure 2.1 below can only access natural
products after going through intermediaries.

The distribution of plants is such that it runs into billions of dollars especially in
developed nations where the system is organised.

For instance, the European Union reported a 109.4 billion Euro trade value in
exports and 93.5 billion Euro in import values for its international trade in

medicinal products in the year 2019 (Eurustat 2020).

2.1.1 Identification and collection of plant specimens
Figure 2.2 below shows a map of north east Nigeria where the three medicinal

plants used in for the first part of this study were selected from.

" Taraba

Cross-river
Cameroon

Gulf of Guinea Rivers Hkwalbo 0 100 200 km
Equitorial Guinea ”“0 0 100 200 mi
Il North west Il South west
North east I South south
B North central Bl South east

Figure 2.2 Map of Nigeria showing the different regions.
The area in yellow depicts the north east of Nigeria where the 3 medicinal plant materials for the
study were sourced from. The north east area comprises of six states namely: Borno, Yobe,

Adamawa, Taraba, Bauchi and Gombe states (Ogah et al. 2012).

A series of interviews with herbal medicine practitioners was conducted prior to
this project and a list was generated out of which three medicinal plants were

chosen for this study. These plants were chosen based on their history of use on
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the traditional treatment of cancer in the north east of Nigeria. The contributions
in this regard of Engr. Ali M. Audu, a consultant herbalist with the Faculty of
Pharmacy University of Maiduguri, are highly appreciated. The plants specimens
were authenticated by Prof. S. S Sanusi of the department of Botany, university
of Maiduguri.

Cryptolepine used in this project was previously isolated from Cryptolepis
sanguinolenta. It is used primarily for the traditional treatment of malaria in West
Africa. The plant material was a gift to Professor Colin W. Wright from Dr Arnold
Donkor Forkuo from KNUST, Kumasi, Ghana.

The website: http://www.plantsoftheworldonline.org, a Kew Science data and

digital database was consulted for further information on medicinal plants. This
was particularly useful in confirming identity and geographical distribution of

medicinal plant names.

Table 2.1 Medicinal plants used in the study

Botanical name of Family Local and Herbarium Plant part
plant English Voucher collected
names of number
plant
species
Vitellaria paradoxa CF. Sapotaceae Kadanya, PCG Bark
Gaertn Shea butter 2015/16/89
tree
Cyperus articulatus L. = Cyperaceae Kaajiji, PCG Rhizomes

Jointed sedge = 2015/16/90

Securidaca Polygalaceae Sanya, Violet PCG Root bark

longepedunculata tree 2015/16/91

Linn.

Cryptolepis Apocynaceae Gangamau, Alkaloid

sanguinolenta Lindl. Yellow dye- isolated from
root roots

Notes: Herbarium specimens were deposited at the Herbarium of the department of
Pharmacognosy, Faculty of Pharmacy, University of Maiduguri. Local language used here for
classification of plant names is Hausa which is the common language used in the North east of

Nigeria.
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2.2 Chemicals, solvents and other materials

A general list of the materials used in this research is given in Table 2.2 which
includes chemicals, solvents and reagents. Brief descriptions and sources of
purchase are also given.

Apparatus used in this project are mentioned when describing the methods used.

Table2.2 List of solvents, chemicals and materials

Item Description Source
5 -fluorouracil Powder for reconstitution A
Albumax 11 Powder G
Aluminium Oxide Powder H
Aluminium Oxide 60 GF2s4 Powder B
APAD Powder A
Chloroform Analytical grade solvent A
Chloroquine Diphosphate Powder A
Cisplatin Powder for reconstitution A
Deuterated Chloroform NMR grade F
Deuterated DMSO NMR grade A
Deuterated methanol NMR grade A
Deuterated TFA NMR grade A
Diaphorase Powder A
Dichloromethane Analytical grade solvent A
Dimethyl sulfoxide (DMSO) Solution A
Doxorubicin Powder for reconstitution A
Ethyl acetate Analytical grade solvent A
Foetal Bovine Serum (FBS) Serum A
Gentamicin 50 mg/mL Solution A
Giemsads stain Solution C
Kieselguhr General purpose reagent E
L-glutamine 2mm/L Solvent A
Lithium lactate Powder A
Methanol Analytical grade solvent A
MTT Powder for reconstitution A
N-bromo succinimide (NBS) Reagent grade A
n-butanol Analytical gradeolvent D
n-Hexane Analytical grade solvent A
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Table 2.2

Item

N-iodosuccinimide (NIS)

Nitro blue tetrazolium (NBT)
Petroleum ether

Phenazine ethosulphate (PES)
Phosphate buffered saline (PBS)
Prep TLC glass plates

RPMI 1640

RPMI 1640

Silica gel 60 GF2s4

Sodium pyruvate 1mm/L

TLC silica gel 60 F 254 aluminium sheets
Trifluoracetic acid (TFA)

Triton X 100

Trizma base

Trizma HCI

Trypsin-EDTA

Source: A=

Cont 6d

Li st of

Description

Reagent grade

Powder

Analytical grade solvent
Powder

Solution

Plates

Solution

Powder for reconstitution
Powder

Solution

Sheets

Analytical

Solution

Powder

Powder

Solution

Sigma-Aldrich, Gillingham, UK, B=Merck, Darmstadt,

s ol

Germany,

vent s,

Source

> » W >» r» » » >

w

A

A

c hemi

C=VWR,

Leicestershire, UK, D= Fisons, UK, E= BDH chemicals, Poole, UK, F= Cambridge isotope

laboratories Inc., Massachusetts, USA, G= Thermo Fisher Scientific, Massachusetts, USA, H=

M&B, Dagenham, UK

2.3 Extraction of plant materials

Plants were carefully cleaned of dirt and air dried away from direct sunlight for up

to 14 days and then size reduced in a wooden mortar and pestle. This stage of

preparation was carried out at the department of Pharmacognosy, University of

Maiduguri in Nigeria.

Analytical grade solvents as listed above were used in the extraction process

while distilled water was used for the agueous extraction. Dry samples weighing

200g of each plant material were then extracted sequentially with hexane,

methanol and water using appropriate methods as described below.

59

(



The extracts were concentrated using a rotary evaporator (Figure 2.3) and dried
in a vacuum oven at 25°C before being stored in a fridge (4°C).

All the plant materials were initially extracted using 10g of plant material for the
preliminary testing of the crude extracts, after which extracts that demonstrated
activity were further extracted in larger quantity.

The percentage yields obtained were calculated to show the amount extracted
by each solvent using the formula below.

In the case of the synthesized analogues the same approach was made to
calculate the amounts of final products recovered after purification.

Percentage yield= (W1/W2) X 100

Where:

W1=is the weight of residue after solvent extraction

W2= the weight of the plant material/starting materials used for extraction.

A rotary evaporator as seen in the figure below is a system where solvents are
removed by creating a vacuum at reduced pressure thereby extracting solvents
with low boiling points such as hexane. In the case of other solvents like methanol
with higher boiling points, a water bath as seen can be used to heat up and hasten
the removal of solvents making sure not to exceed the boiling point of the solvent
that is being removed and to avoid destroying the compounds in crude extracts.
The rotary movement of the evaporator increases the surface area of the solvents
in contact with the heated flask hence providing a quick removal of solvents.
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Condenser
connected to a
tap

Vacuum release
valve

Sample flask

Water bath

Solvent
collection flask

Figure 2.3 A rotary evaporator set up.
This was used to remove organic solvents from extracts. A water bath is attached to increase
removal of solvents by raising the temperature. Removed solvents are recovered into a collection

flask after being condensed by running cold water attached to the apparatus.

Aqueous extracts were dried off using a freeze-dryer. This was because the
boiling point of water is high (100°C) and the most efficient way to concentrate
the solid was by freeze-drying.

Freeze-drying or lyophilisation is a process whereby a low temperature (-50°C
and below) is used to dehydrate an extract containing water.

The principle behind this method is that by reducing the pressure and lowering
the temperature concurrently, the ice formed on the surface of a flask is
evaporated by sublimation.

As shown below in Figure 2.4, the flasks containing samples are attached and
fixed to the nozzles of a freeze-dryer which is connected to a vacuum valve. This
was done after using acetone in dry ice to freeze the samples inside the flasks.
This is considered the first step in the freeze-drying process. The low temperature
of the machine coupled with the vacuum created further freezes the sample to

sub-zero temperatures and the resultant ice is evaporated by sublimation.
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Vacuum
valve

Flask
containing
sample

Freeze

drying
chamber

Vacuum
pump

Figure 2.4 A freeze-drying set-up during solvent removal process.
Sample flasks are attached using a vacuum valve and solvent is removed through the vacuum
chamber.

2.3.1 Soxhlet extraction

The plant materials were first defatted to remove the non-polar constituents as is
recommended in the extraction of plant materials. This was done with a Soxhlet
apparatus using hexane as the solvent of choice as it was ideal for the removal
of non-polar constituents.

A soxhlet extraction was also used in the selective extraction of cryptolepine from
Cryptolepis sanguinolenta. To do that a 2-step extraction process was employed

as discussed later in Section 6.2.1
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Condenser

Extraction thimble
loaded with sample

Siphon

Collection Flask

Heat source

Figure 2.5 A Soxhlet extractor setup.
Compounds are separated using heat and a continuous flow system. The solvent containing
extracted compounds rises as vapour through the apparatus and goes through a condensation

process before it is returned into the collection flask via the siphon.

2.3.2 Maceration

After the first stage of extraction using hexane, the plant material was left to dry
off the solvent before the second extraction with methanol. The residual solvent
was dried off in a vacuum oven at 30°C. Plant materials were then macerated in
methanol 3 times for 30 mins with successive shaking of 10 mins in between each
extraction. The number of times the extraction is performed depends on the clarity
of the solvent as the clearer the extraction solvent is, the lesser amount of
extractible materials left.

The last stage of the extraction process was the maceration in cold water which
also served as the most polar solvent

Table 2.3 shows the solvents used for extracting the plant materials and the
nomenclature assigned to each crude extract. The plant materials were named
according to plant part in the case of Vitellaria paradoxa bark or colour of plant

as in the case of Cyperus articulatus to distinguish the two varieties of the plant.
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Table 2.3 Nomenclature of plant materials used in the study based on the

solvents used for extraction of compounds

Plant Hexane Methanol Water
Vitellaria paradoxa inner bark VPIH VPIM VPIA
(VPI)

Vitellaria paradoxa outer bark VPOH VPOM VPOA
(VPO)

Securidaca longepedunculata =~ SLH SLM SLA
roots (SL)

Cyperus articulatus Red CARH CARM CARA
rhizomes (CAR)

Cyperus articulatus Black CABH CABM CABA

rhizomes (CAB)

2.3.3 Solvent-solvent extraction

This employs the use of a separating funnel and two immiscible solvents. The
sample is usually suspended in water and a different organic solvent is added
successively to separate the constituents of an extract. For each organic solvent
multiple extractions are made using approximately 10 mL of the respective
extraction solvent. The funnel is closed with a lid and gently rotated to ensure
proper mixture of the two solvents. It is then left to stand and as the solvents have
different densities and are immiscible, they gradually separate and the denser
solvent settles at the bottom of the funnel. The partitions with the desired
compounds of interest are then run through the funnel either as the bottom layer
or through the top after elution of the bottom layer to collect the top layer. This

technique prevents the mixture of solvent constituents in the final samples.

2.3.4 Hydro distillation

This method was employed to extract volatile oils from the rhizomes of Cyperus
articulatus. This method was selected for this plant because the highest cytotoxic
activity of the plant was noted in the non-polar constituents and the volatile oil
showed similar TLC profile to the hexane extract.

A Clevenger type apparatus (Figure 2.6) is used in this method whereby the plant

material is placed in a flask attached to the Dean-stark trap.
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The plant material was immersed in a water-filled flask which is attached to a heat
source. As the mixture is heated, a mixture of water and volatile oils is released
which goes through the instrument into a condenser that is attached to the end.
This cools the mixture down and collects it in an outlet that can then be removed

after a certain period.

Condenser

Clevenger
apparatus

Dean stark trap
with tap at bottom

Sample flask

Heat source

Figure 2.6 Clevenger-type apparatus setup.

A sample is loaded into a round-bottom flask with enough water to cover it and then placed in a
heating mantle. As the sample boils, the vapour released goes through a condenser attached to
the top of the instrument where a cooled mixture of essential oils and water is passed into a

collection arm.

2.4 Fractionation and purification of compounds

Sephadex, silica gel or aluminium oxide were used to fractionate or purify
compounds during the study.

The crude plant extracts were fractionated using a low-pressure column
chromatography (LPCC) technique which employs liquid- liquid extraction mostly
using hexane, dichloromethane and methanol in different gradient
concentrations. Thin layer chromatography (TLC) of the fractions was performed
to detect separation of compounds and monitor reactions where necessary. All

fractions with similar TLC profiles were combined.
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A brief description of each chromatographic technique is given below.

2.4.1. Chromatographic techniques

2.4.1.1 Low pressure column chromatography (LPCC)

This is a chromatographic technique where compounds mixtures are separated
using very low pressure. In this system, compounds are separated based on their
affinity to the mobile and stationary phases. In this case, a mobile phase is run
through a column packed with silica gel which is the stationary phase. The mobile
phase is varied according to polarity and the compounds are separated based on

the adsorption ability of the stationary phase (Houghton and Raman 2012).

v
.4 Gentle pressure
. s @ applied through

top of column

Figure 2.7 An LPCC column set up.

This system employs the use of low pressure for the quick separation of compounds as shown in
bottom images. Picture b shows the beginning of the run while picture c is when the separation
is underway. The time between the 2 stages is about 60 sec. It usually takes a few minutes to

completely run a column.

For instance, to run a column (as shown in Figure 2.7) for the separation of
compounds, approximately 100 mg of crude extract was dissolved in the solvent
it was extracted with and adsorbed with Kieselguhr (purified clay). Sample load
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is dependent on column size and amount of silica gel added. This mixture was
dried with a rotary evaporator and then added to a prepared column containing
silica gel. The solvents were added in increasing order of polarity and low
pressure (1-2 psi) gently applied to the column to facilitate the separation of the
sample. The different fractions collected were visualized by TLC to confirm
separation.

2.4.1.2 Thin layer chromatography (TLC)

This is a relatively inexpensive, robust, simple and quite rapid method for
assessing the presence and quantification of the number of compounds detected
in the plant extracts. This technique is used in the separation of compounds
based on the differential distribution of these compounds between 2 phases
known as the mobile and stationary phases.

Molecules are separated based on their solubility and adsorption between the
two phases. The mobile phase is usually a liquid while the stationary phase is
usually an aluminium coated silica gel plate where the compounds are placed on
as spots. The aluminium plate is then placed in a developing chamber usually a
glass jar with a lid and allowed to stand until the mobile phase reaches near the
top of the plate or the solvent front. This is a relatively quick technique that takes
less than 10 minutes to perform (Raman 1998).

For instance, one of the mobile phases used in this research was a mixture of
hexane and dichloromethane in a ratio of 3:7 as it appeared to give the best

separation of a range of compounds that were of intermediate polarity.

Detection of compounds

Spray reagents are usually used to detect the presence of compounds on a TLC
plate as not all compounds are visible in normal light or even under ultra-violet
(UV) light.

The spray reagent used in this project was vanillin-sulphuric acid spray which is
used to visualise a wide range of compounds.

1% vanillin solution was sprayed on the TLC plate followed immediately by a
spray of 5% sulphuric acid and the plate was dried with a hot air blower. The

separated compounds present in a sample then gradually appear as the plate is
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